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1 General introduction 
1.1 Abstract 
With the primal aim of controlling the atom transfer radical polymerization of N-isopropyl 
acrylamide from surface-initiated silicon oxide substrates the first project of this thesis 
concerns on the study of the atom transfer radical polymerization kinetic in aqueous 
media.  We report the synthesis of poly(N-isopropylacrylamide) brush layers grafted onto 
the silicon oxide substrates at room temperature via surface-initiated atom transfer radical 
polymerization using different global polymerization ratios. The initiator, 3-
(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate, was synthesised via platinum(0)-
catalysed hydrosilylation of allyl-2-bromo-2-methylpropionate and it was chemically 
deposited via vapour deposition. The effective modification of the silicon oxide surfaces 
were verified by contact angle and Fourier transform infrared spectroscopy technique, and 
the chain lengths of the polymer chains were measured through ellipsometry analysis. 
Moreover, the influence of the polarity of the polymerization solution and the relative 
concentration of activator, deactivator and ligand were studied.  
The reproducibility of the surface-initiated atom transfer radical polymerization of N-
isopropyl acrylamide grafted from silicon oxide surfaces was studied comparing the dry 
thicknesses, measured with ellipsometry, of three different repetition of the synthesis of the 
thermo-responsive layer grafted onto the silicon oxide chips. In addition, we investigated 
the swelling behaviour of the poly(N-isopropylacrylamide) brushes and the thermo-
responsive property determining the lower critical solution temperature with in-situ 
ellipsometry analysis.  
Finally the surface-tethered triblock copolymers composed of poly(N-
isopropylacrylamide), poly(Hydroxyethyl methacrylate-co-ethylene glycol 
di(metha)acrylate) and poly(N-isopropylacrylamide) were grown from silicon oxide 
substrates by a series of atom transfer radical polymerizations at room temperature. After 
the synthesis of the first block the growing chains were quenched transferring a quenching 
solution composed of a large excess of deactivator and ligand (CuBr2 and  N, N, N', N', N'-
pentmethyldiethylentriamine).Two kind of substrate were used: big silicon oxide chip, with 
size 2x2 cm, and little silicon oxide chip, with size 1x1 cm; the growth of the polymeric 
layers of multi block was studied from the big substrates, while information about the 
kinetic of the surface-initiated atom transfer radical polymerization of the different 
monomers were obtained  from the measurement of the thickness of the polymeric layers 
Chapter 1  2 
 
grafted onto little susbstrates  So, comparing the thicknesses of the multiblock copolymers 
films with the thicknesses of the respective homopolymer films the efficiency of the 
quenching approach was evaluated. The swelling and the thermo-responsive properties 
were studied using ellipsometry and atomic force microscopy techniques. The mechanical 
properties of the surfaces were studied through indentation atomic force microscopy 
experiments and the topographical images were obtained through tapping mode atomic 
force microscopy. Independently from the architecture of the multiblock copolymers, the 
swelling and thermo-responsive properties of the materials were preserved, while the 
mechanical properties of the hydrogel changed dramatically when it was grafted onto the 
thermo-responsive brush layer.  
1.2 Introduction 
Response to stimuli is a basic process in living systems.[1] To sustain life and maintain 
biological function, nature requires selectively tailored molecular assemblies and in their 
environment.  
Stimuli-responsive polymer films are a class of intelligent or "smart" materials with 
immense implications for fundamental research and industrial and biomedical applications.  
They can dynamically alter their structure and properties on demand or in response to 
changes in their environment responding to small external changes in their environment 
with dramatic property variations. The changes are also reversible, so the system returning 
to its initial state when the trigger is removed. Stimuli-responsive polymer films are a class 
of intelligent or "smart" materials with immense implications for fundamental research and 
industrial and biomedical applications. [2] 
In this thesis stimuli responsive polymers were used as building blocks for the fabrication 
of various functional polymer architectures such as polymer grafts on surface by "grafting 
from" approach.[3] Graft polymer chains were introduced onto the surface to impart specific 
functionalities and by the combination of multiple components which may exhibits 
different physico-chemical properties. The interfacial properties of stimuli-responsive 
polymers have attracted a great deal of interest recently due to their ability to modulate 
surface properties of materials by a change in temperature or other external stimuli such as 
pH or light. [4-5] 
These polymers can have different composition and architecture like homopolymers, 
statistical/block copolymers, graft copolymers and molecular brushes. In addition they can 
be grafted on/from surfaces, or be used as chemically or physically cross-linked gels. [5-6] 
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Figure 1.1: schematic representation of conformation changes of polymer brushes of A) homopolymers, 
B) block copolymers and C) mixed polymers.  
1.3 Concept of this Thesis 
The objectives of this thesis are to study the atomic transfer radical polymerization for the 
synthesis of polymer brushes grafted onto surface-initiated silicon oxide surfaces, the 
reproducibility of the fabrication of a thermo-responsive layer grafted onto silicon oxide 
surface and the synthesis of smart responsive multiblock systems. Smart polymers 
responding to external stimuli have been actively studied to develop "on-off" switchable 
materials for application in biomedical, environmental and analytical chemistry field.  
Specifically, we study:  
1) the equilibrium of surface-initiated atom transfer radical polymerization by 
studying how the dry thicknesses of the layer changes as a function of the 
concentration of main polymerization parameters;  
2) the reproducibility of fabrication of poly(N-isopropylacrylamide) brushes grafted 
onto silicon oxide surfaces by repeating the fabrication process and comparing the 
thicknesses;  
3) and finally the thermo-responsive hydrogel multiblock system composed of 
poly(N-isopropylacrylamide)-b-poly(Hydroxyethyl methacrylate-co-ethylene 
glycol di(metha)acrylate)-b-poly(N-isopropylacrylamide).  
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Among the controlled radical polymerization processes, the atomic transfer radical 
polymerization approach is very attractive for the formation of block copolymers. Atom 
transfer radical polymerization is one of the most powerful and versatile controlled radical 
polymerization  processes because it can be carried out in a variety of different solvents 
and conditions and it is tolerant of most functional groups. [7] 
In details this polymerization method enables precise control over molecular weight, 
molecular weight distribution, various architectures and useful end-functionalities; in 
addition it allows to grow polymers of controlled length from a variety of surfaces thanks 
to the reversible radical generation and it can be carried out in a variety of different 
solvents and conditions including water at room temperature. [5, 7-8]   
Using a quenching solution we can intentionally shift the equilibrium between the active 
and the dormant states, thus favouring the formation of the dormant macroinitiatior to 
preserve the active ATRP chain ends of the growing brushes.[9-10] 
 
In chapter 2 a comprehensive literature background on the stimuli-responsive polymers 
and the methodologies for preparing the graft copolymers is provided, covering surface-
initiated controlled radical polymerization methods.  
Chapter 3 summarises the aims of this thesis. 
Chapter 4 describes the basics of some techniques used for the characterization of the 
grafted polymers focusing on contact angle, Fourier Transform infrared spectroscopy, 
ellipsometry and atomic force microscopy techniques which were used to characterize the 
properties of the samples as well as wettability of the surface, the dry and the wet 
thickness, the swelling, the thermo-responsive, the topographical and mechanical 
properties of the polymeric layers. In addition it reports the protocols and experimental 
techniques used to purify and to synthesise all the reagents and the polymeric layer grafted 
onto silicon oxide chips.  
In chapter 5 the results are reported and discussed, and finally in chapter 6 the conclusion 
of this thesis are summarized. 
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2 Introduction  
The performance of a material is determined not only by the properties of the bulk 
substance, from which material is made, but also by the properties of its surface.[11-12]   
Polymer chain assemblies, also called polymer brushes, are often used to alter the surface 
properties such as adhesion, lubrication, wettability, friction and biocompatibility.[13] 
Tethering multiblock copolymers to surfaces onto silicon oxide surfaces is particularly 
interesting because it provides responsive, controllable interfaces with nanoscale features. 
The topology of multiblock copolymers brushes also suggests their use in forming 
multilayered materials where the layers can be arranged in a predetermined order.[9] 
Since the early 1980s, there were several attempts to synthesize block copolymers via 
controlled radical polymerizations (CRP). In the last decade, some polymerization 
techniques that combine the versatility of free radical polymerization with the control of 
anionic polymerization have emerged. These new techniques are referred to as CRP, such 
as Nitroxide-Mediated Polymerization (NMP), Atom Transfer Radical Polymerization 
(ATRP) and Reversible Addition-Fragmentation chain Transfer (RAFT), which are based 
on two principles reversible termination and reversible transfer reaction (see chapter 2.3). 
In addition these techniques allowed the simultaneous growth of all the polymeric chains. 
The living/controlled character of the ATRP process permits the preparation of block 
copolymers by activation of dormant chain ends in the presence of a second monomer.[14] 
In this chapter the ATRP method will be reported to obtain the multiblock copolymers 
system analysing the routes for grafting onto the surface the polymer brushes and the 
technique to grow and to control the thickness for each polymeric layer. In addition, a 
comprehensive literature background is provided covering stimuli-responsive, brush and 
gel polymer grafts.  
2.1 Routes for synthesis of grafted polymer layer 
The process of grafting polymer chains onto the surfaces can impart new properties to 
materials in carefully controlled ways. 
The term polymer brush refers to end-tethered polymer molecules which are attached to a 
surface or an interface at one or more tethering points at relatively high coverage. 
Tethering of the chains in close proximity to each other results in high amounts of steric 
repulsion and osmotic pressure which causes the change from the typical random walk 
collapsed configuration to the stretched character, thus forming an extended brush-like 
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configuration.  [15] 
There are many chemical methods that can be used to fabricate surface tethered 
macromolecules such as the "grafting from", the "grafting through" or  the "grafting to" 
approaches, but not all of them are suitable to synthesize of high-density polymer brushes. 
The grafting density is defined as the number of chains per unit area.[16] 
In the “grafting to” approach end-functional macromolecules are attached to a surface, 
containing complementary functional groups.  
The primary advantage of the "grafting to" approach is a technically simple synthesis and 
more accurate characterization of the preformed polymers.[17] 
However, due to steric crowding of the reactive surface sites by already adsorbed 
polymers, the film thickness is limited by the molecular weights of the polymer in 
solution.[16-18] In fact, the reactive groups are not accessible because they are often buried 
in the interior of the polymer globules, thus causing inhomogeneous polymer grafting that 
leads to a low density of brushes. In addition, the orientation of the chains cannot be 
controlled during the anchoring procedure and disordered layers are generally obtained.[19] 
The "grafting through" approach involves the polymerization of macromonomers 
"through" their terminal functionality. Perhaps the most attractive feature of this method is 
that each repeat unit of the backbone contain a covalently bound side chains. however this 
method suffers from the degree of polymerization of the backbone being dependent on the 
macromonomer length and type. In addition due to the high steric hindrance of the 
propagating chain ends and low concentration of polymerizable end groups, 
polymerization can be slow and not proceed to high conversion.[20] 
By contrast, the “grafting from” approach utilizes surface-tethered initiating sites from 
which polymeric chains can grow. The active sites can be generated in-situ or can be 
immobilized on surfaces, for example by embedding them in self-assembled monolayers 
(SAMs) via physisorption (thiols on gold) or chemisorption (silanes on Si/SiO2).[21]  
The physisorption is simple and efficient, but the modified surface has a short lifetime 
because it suffers from instability. The chemical modification, instead, can easily control 
the introduction of polymer chains with a precise localization of the chains onto the 
surface, high surface density and high stability of grafted layers.[22-23]  
The most widely "grafting from" approach involves a covalent immobilization of small 
molecules to a surface followed by sequent polymerization.[19] 
This method can produce polymer brushes of high grafting and with uniform film 
thickness because the grafted layers are swollen by monomer solution that feeds the 
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growing chains.[15] This makes "grafting from" the only way to make thick brushes with 
high densities and this leads to a well-defined architecture due to the polymer chains 
growth step-by-step.[16, 19, 24] 
However, the "grafting-from" technique may suffer complications because of the limitation 
of initiator surface coverage, initiator efficiency, and rate of diffusion of monomer to active 
polymerization sites.[17]  
The most widely used polymerization method for the growth of polymer brushes-blocks 
via "grafting from" is the CRP.[9, 25] The mechanism of CRP is based on the reversible 
homolytic cleavage of a dormant chain end group into corresponding polymeric radical and 
a stable, persistent radical that cannot undergo addition to monomer. The presence of a 
reversible activation and deactivation process is the key difference between traditional free 
radical polymerization and CRP.  
Free radicals could be generated via a catalyzed reaction (ATRP), by UV (initiators-
transfer-terminater agent-based), by a spontaneous thermal process (NMP) or reversibly 
via the degenerative exchange process with dormant species (RAFT).[26] 
ATRP is the most widely used CRP technique for the preparation of surface initiated 
polymer brushes and for the formation of block copolymers. The use of surface-initiate 
CRP (SI-CRP) in addition to control over brush thickness, enables the control and variation 
of the architecture of polymer brushes.[27] 
The SI-ATRP polymerization is not only surface initiated, but also surface confined, in fact 
the polymerization will not occur in solution.[18] 
 
Klok and his group[22] have summarized the different polymer brush architectures that can 
be prepared via SI-CRP which are summarized in next fig 2.1:  
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Figure 2.1: Overview of different polymer brush architectures that can be prepared via surface-
initiated controlled radical polymerization. A) block copolymer brushes; B) random copolymer 
brushes; C) cross-linked polymer brushes; D) free-standing polymer brushes; E) hyperbranched 
polymer brushes; F) highly branched polymer brushes; G) Y-shaped binary mixed polymer brushes; 
H) standard binary mixed brushes; I) molecular weight gradient polymer brushes; J) grafting density 
gradient polymer brushes;  K, L) chemical composition gradient polymer brushes.  [22] 
 
The properties of polymer-functionalized surfaces depend strongly on the polymer 
conformation, which is influenced by the polymer surface density, as the way in which the 
polymer is attached, the polymer thickness and the environmental conditions.[28] 
Although the SI polymerization technique provides highly stretched polymer chains, the 
control of the density of the polymer brush has a significant effect on the responsive 
properties.[2] 
In fact  at low grafting density molecules or particles can mix with grafted polymer chains, 
penetrate the brush and interact with the underlying substrate and in this case, Van der 
Waals interaction may strongly dominate. As the grafting density increases and if the brush 
us swollen by a good solvent, repulsive forces may dominate and further increase of 
grafting density results in a rise in attractive forces.[17] 
While at high graft density the conformation change is limited by the restricted space. At 
most appropriate density regime, the polymer brushes should fully stretch and are capable 
of collapsing into clusters with imposed stimuli.[6] 
Today, many brush studies involve stimuli-responsive systems that are composed of more 
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complicated architectures that include multiblock polymers, gradient polymers and Y-
shaped polymers.[22] 
2.1.1 Self-assembled monolayers, SAMs 
Self-assembled monolayers of organic molecules are spontaneously formed and highly 
ordered two-dimensional structures on the surface and are terminated with a functional 
group amenable to subsequent derivatization.[29] They have been widely used as surface 
modifiers for practical applications and basic research. They offer a means of altering and 
controlling the chemical nature of surfaces, including wetting, adhesion, friction, chemical 
sensing, nanoscale lithography, surface patterning, molecular lubrication and corrosion 
modification.[30]  
 
Different SAM systems have been investigated, but the most common adsorbate/substrate 
systems are sulphur-containing molecule, such as thiols, on gold and organosilanes, such as 
alkylchlorosilanes or alkylalkoxysilanes, on silicon oxide surface. The majority of work 
into surface-initiated ATRP has made use of conventional inorganic substrates, silicon and 
gold, but now some research groups start to use of polymeric materials as substrates like 
polyethylene terephthalate (PET).[21]  
The SAMs can be formed on almost any shape or kind of silicon oxide substrate, including 
wafer, quartz or glass slides, as well as flat or concave/convex substrates, porous and non 
porous particles or materials.[18, 22] 
 
In this thesis, the attachment of chlorosilane molecules on oxidized silicon (SiO2) has been 
considered as an important model of SAMs on glass. 
Silane-based SAMs are believed to be bonded to SiO2 substrate through Si-O-Si bond, but 
the actual mechanism of monolayer formation on SiO2 remains a subject of debate.[30] 
The central question is whether silane molecules are covalently anchored to the surface or 
instead, cross-linked adsorbed to thin water layer of the surface only. In general, the silane 
molecules must be first adsorbed, hydrolyzed and the activated reactive silanol groups are 
further condensed to form the Sisubstrate-O-Si covalent bond.[22, 30-32]  
Therefore, the silicon oxide surfaces are activated prior to the grafting step using piranha 
solution to clean the surface and maximize the number of silanol groups. This procedure 
render the surface hydrophilic, thus promoting the formation of a thin layer of water onto 
the SiO2 surface.[22]  
The condensation reaction of the organosilane molecules to the silicon oxide surface is 
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very sensitive to many experimental parameters, such as reaction time, temperature and 
water content. In addition, the properties of organosilane reagent influence the quality of 
the resulting organosilane SAMs, such as the structure and the number of hydrolysable 
groups of the organosilane reagent.  
In addition to the existing debate on the formation of interface Sisubstrate-O-Si bond, there is 
also under debate the growth dynamics of SAMs, whether it is uniform growth or island 
growth. Overall results suggest that it depends on water content and self-assembly process 
strongly favours island-type growth with increasing water content.[30] 
2.2 Stimuli responsive polymer 
The stimuli-responsive polymer materials can adapt to variation in their surrounding 
environments in response to various kind of stimulus; in other words, small changes in the 
external environment (i.e., temperature, pH, mechanical, electro-magnetic irradiation, 
electrochemical, ionic strength etc. stimuli) can generally trigger a sharp and large 
response in the structure and properties of these grafted polymer layers, thus changing 
surface properties like wettability, adhesion or light.[12, 33-34] The conformational changes in 
specially tailored polymer brush systems are used in materials and devices to approach 
demanded effects of switching material properties upon external signals.[6, 35] 
The responses and the stimulus can be classified into physical and chemical categories. For 
example mechanical, electric, magnetic, light, temperature are physical stimulus; while the 
chemical stimulus are pH, ionic strength, electrochemical and biological stimulus.[36]  
In addition, the number of stimulus or responses can be varied; in fact, there is the 
possibility that multiple stimuli can result in one or more responses, or one stimuli may 
result in more than one response.  
Temperature and pH are the most extensively investigated as external stimuli, especially 
for biological systems.[5, 37] 
 
Stimuli-responsive polymers can be classified by their physical form as free chains in 
solution, chains grafted on a surface, cross-linked networks in bulk and polymeric 
solids.[38] For each of these physical states there are different dimensional restrictions in 
mobility; therefore the stimuli-responsiveness is clearly influenced by confinement.[39]  
 
A common bio-related application of polymer brushes is to regulate interactions that 
include interactions of the polymer brushes with liquids, solids, particles, proteins, cells.[17] 
The stimuli-responsive polymers are used in bio-related applications in three general ways: 
Introduction  11 
 
1. to use a designed stimuli-responsive polymer in solution as a homopolymer, 
random or block copolymer; 
2. to prepare a cross-linked versions of these polymers in the form of gel that can 
swell or shrink in response to some external stimulus; 
3. And to graft the stimuli-responsive polymers onto a surface which can reversibly 
swell or collapse changing the surface properties, imparting new properties to 
materials in carefully controlled ways.[7] 
 
The composition plays a critical role to obtain polymers mainly depending on the 
employed monomers. Generally, the monomers could be roughly divided in two groups: 
hydrophobic and hydrophilic monomers.  
The hydrophilic monomers (generally NIPAM, HEMA, etc.) can form hydrogen bonds 
with water, rendering them good water solubility. These monomers were successfully 
grafted onto various materials including silicon, films, fibres, carbon nanotubes, metals and 
their oxides.[40] 
The thermo-responsive polymers probably are the most studied stimuli-responsive 
polymers and their temperature responsiveness can further be finely tuned by varying 
polymer composition and polymer stereochemistry. Temperature of phase transition can be 
controlled by altering some structural parameters, including molecular weight, chain end 
groups and structure.[5]  
Poly(N-isopropylacrylamide), poly(NIPAM), is one of the best studied thermo-responsive 
polymers which exhibits a lower critical solution temperature (LCST) at around 32°C in 
aqueous solution which is a temperature really close to the physiological temperature, so it 
can be used in biomedical applications (such as bacteria biofilm, temperature-sensitive 
membrane sand mammalian cell release surfaces.[4,16,41] The presence of multiple 
secondary amide groups in the molecular structure of polyNIPAM may lead to the 
formation of cooperative H-bonding interactions with other amide polymers, in particular 
with proteins.[42] 
In addition polyNIPAM modified surface were used in mineral processing as a agent for 
facilitating mineral aggregation and consolidation.[43]  
The thermo-responsive character of poly(NIPAM) is a fast, reversible and well-defined 
phase transition in aqueous solution between an extended coil, hydrophilic, to a globular 
conformation,  hydrophobic state, at a determined temperature which is defined as the 
lower critical solution temperature (TLCST), or in other words, the TLCST is the temperature 
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at which the solvation entropy and enthalpy terms of the Gibbs equation become equal. 
Despites numerous reports of substantial PNIPAM changes at the LCST, such dramatic 
changes are not observed in all cases. The molecular weight and grafting density may also 
play important roles. The thermally induced chain collapse is only evident at high 
molecular weight and high grafting density.[44] 
 
Thus, below the TLCST, the water is a good solvent, the polyNIPAM brushes are hydrated 
and consequently they adopted a random coiled conformation. Instead above the TLCST the 
water is a poor solvent, hence the polyNIPAM brushes are dehydrated collapsing into a 
globular conformation. This hydration/dehydration transition is due to hydrogen bonds 
which are formed between the polar amide groups of the backbone of polyNIPAM with the 
protons of the water molecules. 
There are no big differences to show an expanded/collapsed phase transition across the 
TLCST between the free polyNIPAM chains in solution and the polyNIPAM brushes 
immobilized onto the surface.[45]  
In addition, polyNIPAM is not only a thermo-responsive polymer, but it also exhibits co-
nonsolvency behaviour, that is solvation responsiveness to the variation in the composition 
of the solvent mixture consisting of water and a water-miscible organic solvent, such as 
alcohol.[46-48]  
2.2.1 Brush gels 
A polymer gel is a flexible cross-linked polymer network where a solvent fills the 
interstitial space of the network; when a polymer network is swollen in water, it is referred 
to as a hydrogel. Hydrogels retain/conserve the shape or mechanical strength when they 
absorb aqueous solutions in the polymer network. The polymer hydrogels absorb and 
retain large amounts of water which depend on the chemical composition of the polymers 
as well as on the relative amount of crosslinks.  
They usually exhibit good biocompatibility with blood, body fluids and tissues[49], so 
hydrogels have been the focus of research for the past several decades.[50]  
Hydrogels compete with grafted polymer layers for the synthesis of responsive surfaces 
and interfaces, but the hydrogels are more stable than the polymeric brushes grafted onto 
surface. The reason is that the polymer brushes, where polymer chains are grafted to the 
surface, have only one functional group anchored, while the polymer network is linked to 
the surface by multiple anchoring points due to the junctions between the chains.[49] 
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Hydrogel could be easily prepared by adding a crosslinker or by complexation of reactive 
groups among polymer chains which could be realized in two different ways based on the 
nature of crosslink junctions: chemical or physical categories.  
In particular, the chemically crosslink networks have permanent junctions caused by 
permanent covalent bonds whereas physical networks have transient junctions that arise 
from either polymer chain entanglements or physical interactions such as ionic 
interactions, hydrogen bonds, hydrophobic interactions, etc.   
In addition to the types of cross-link junctions, the hydrogels can be further divided on the 
their nature (natural, synthetic or hybrid hydrogel), type of network (homopolymer, 
copolymer, interpenetrating, or double networks), on the nature of the incorporated 
functional groups (neutral, ionic or zwitterionic hydrogels), on the physical structure 
(homogeneous, microporous or macroporous hydrogel) and on their fate in the organism 
(degradable and non-degradable hydrogels).[51]  
These materials can be deposited on surfaces in form of thin layers, but the stability of so-
formed films might be affected by weak interactions with the underlying substrate. 
Therefore, several properties, as well as thickness and morphology, could not be a-priori 
determined by employing the usual physical deposition protocols.[52] 
These drawbacks could indeed be easily overcome using densely and robustly grafted 
polymer brushes as constituents for the synthesis of surface-immobilized gels. 
 
The volume of water that hydrogels are capable of absorbing is determined by a balance 
between thermodynamic forces of mixing and the elastic restoring forces of polymer.  
In fact, when a polymer material is immersed in a good solvent, the free energy of mixing 
in the form of osmotic pressure causes the solvent to diffuse into the material's body. The 
solvent absorption continues until the complete dissolution of the polymer occurs unless its 
chains are held together by chemical or physical crosslinks, thus forming a 3D polymer 
network. In the crosslinked polymer material the solvent absorption leads to the expansion, 
and swelling of the network. This swelling is possible due to the elastic stretching of the 
polymer chain fragments (strands) between the crosslinking points. This stretching of the 
chain fragments increases the elastic retroactive force of the entropic origin, which 
counteracts the network's expansion.[53] 
The ratio of the swollen volume to the dry volume determines the swelling degree of the 
polymer network.[49] 
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Hydrogel thin films have attracted interest also for their mechanical properties. The 
hydrogels show visco-elastic and sometimes pure elastic behaviour. From a physical point 
of view, hydrogels resemble living tissues because they have higher content and a soft and 
rubbery consistency.[54] 
Thin films of chemically crosslinked hydrogels were prepared via two main pathways: the 
surface-initiated homopolymerization or copolymerization of bifunctional monomers 
(crosslinking copolymerization, adding multifuncional comonomers, or crosslinking 
(co)polymers with reactive groups), and the post modification of the polymer brushes with 
appropriate cross-linking agents.[22,49] 
The addition of a cross-linkable comonomer to the polymerization mixture is widely used 
for the preparation of cross-linked brushes and CRP techniques are broadly used to obtain 
hydrogels via crosslinking copolymerization.  
There are many different hydrogels based on lightly cross-linked (between 0.5% and 1% 
mol) combinations of various monomers including for example 2-
hydroxyethylmethacrylate (HEMA), N-vinyl pyrrolidone, methacrylic acid, methyl 
methacrylates, ethylene glycol dimethacrylate (EGDMA) and substituted acrylamides.[55] 
HEMA is a biomedical monomer which have been used for sanitary materials thanks to 
their biocompatible characteristics, high permeability to small molecules, high 
hydrophilicity and their soft consistency. For example poly(HEMA) hydrogels have been 
used like diapers, materials for wound closure, intraocular and contact lenses, soil 
improvement and vegetable growth.[56]  
HEMA is water-soluble, while the HEMA-based hydrogels are not water soluble but they 
are water swellable. The high water content/swellability properties of the HEMA-based 
hydrogels changing with the change of the amount of the cross-linker and their depend on 
the ratio of hydrophobic functional groups in the polymer, as well as on the nature of these 
groups.[57] 
2.3 Routes for synthesis of multiblock copolymer layers  
As shown in figure 2.1, SI-CRP has been successfully used to prepare different polymer 
brush architectures with relatively accurate control over brush thickness.[58] Polymers 
which are composed of two different monomers are called like copolymers and the 
sequential arrangement of these different monomers determines the type of copolymer that 
is formed and can be classified like: 
- random copolymer, when the two monomers over the polymer chain are randomly 
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distributed; 
- linear block copolymer, when the monomeric residues are arranged in such a way 
that one block consists of monomeric residue A and another block of monomeric 
residue B. 
The main method to obtain block copolymer is CRP where all polymer chains start 
growing simultaneously. The significance of controlled polymerization as a synthetic tool 
is widely recognized and polymers having uniform predictable chain length are readily 
available.   Controlled polymerization provides the best opportunity to control the bulk 
properties of a target material through control of the multitude of possible variations in 
composition, functionality and topology now attainable at a molecular level. 
Block copolymers can be prepared by controlled CRP polymerization routes in two main 
strategies which consists on the sequential monomer addition strategy and on the use of a 
difunctional initiator.[40] 
A difunctional initiator is a compound which possesses two initiating sites and is utilized in 
the formation of the middle block first, followed by the polymerization of the second 
monomer to synthesize the first and the third blocks.  
Instead, in the sequential monomer addition strategy it is essentially important to stop the 
polymerization of the first monomer before it is used up completely because of the fact that 
end functionalities might be lost, resulting in the formation of dead blocks.  
Another feature to be considered, as in all sequential monomer additions, is the order of 
introducing each monomer. Briefly, the very active monomer should be polymerized first, 
which is valid for either of the controlled polymerization mechanisms. 
Different to a sequential monomer addition technique utilized in anionic living 
polymerization, controlled routes allow for the polymerization of monomers A and B to be 
performed separately in two distinct steps, allowing chain functionalities to be preserved. 
When all monomers have been consumed, the active centres persist, and polymerization 
continues to form a block copolymer with the addition of a new batch of monomers. The 
first block with chain ends still active acts as a macromolecular initiator, macroinitiator, in 
the preparation of the second block. The nature of the surface-attached macroinitiator and 
the nature of the monomer used for the subsequent block are important parameters which 
influence the success of the SI block copolymerization process. 
The nature of the mechanism of CRP, and in particular of ATRP, allows an efficient re-
initiation step for the synthesis of well-defined multiblock copolymer brushes through a 
quenching step after the polymerization to preserve the active chain ends.[59] 
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2.3.1 Atom transfer radical polymerization, ATRP 
As reported previously, the most used technique to obtain polymer brushes grafted on 
silicon oxide is the CRP, where the radicals are generated through catalyzed reaction via 
ATRP. 
Through the several controlled-living free radical polymerization techniques ATRP enables 
the synthesis of a wide range of copolymers with controlled molecular weight, range of 
architectures and functionalities, and narrow molecular weight distribution. Thanks to its 
tolerance to a wide range of functional monomers, it has been applied on a variety of 
materials and accessible experimental condition.[18] 
ATRP is frequently used for block copolymers synthesis due to the possibility of creating 
copolymers with a high molecular weight and low polydispersity indices                      
(PDI= Mw/Mn).[19]  
One drawback of ATRP is that control over the polymerization is gained at the cost of a 
decreased polymerization rate.[29] 
The ATRP technique is a methodology depending on a reversible equilibrium between free 
radicals and dormant species realized by a redox reaction of a particular transition metal 
complex.  
The key to control the polymerization is the transition metal catalyst, which plays a 
critically important role in the whole process because it controls the amount of free radicals 
during the polymerization through the reversible activation-deactivation reaction between 
the growing polymer chain and a copper-ligand complex.  
The side reaction, as termination reaction and chain transfer ones, could be suppressed by 
optimizing the polymerization condition.[60] 
 Most ATRP reactions require the addition or in-situ formation, of four essential 
components: 
- a macroinitiator, Pn-X: a molecule with at least one transferable atom or group, 
frequently a halogen, where X = Cl or Br;  
- a transition metal compound, Mm, that can undergo a one electron redox reaction;  
- a ligand, L, that forms a complex with the transition metal (compound) to modify 
catalyst solubility and catalyst activity, and  
- one or more radically (co)polymerizable monomers.  
By an appropriate choice of initiating system, with the control of activation and 
deactivation steps, it is possible to have the conditions to obtain a targeted morphology, 
thickness and composition with a nearly equal chance to grow all chains, yielding a low 
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polydispersity product.  
SI-ATRP, however, has some limitations: in particular, the controlled polymerization of 
monomers that can complex or react with the metal catalyst, such as pyridine-containing or 
acidic monomers,  and the removal of the transition metal catalyst from the materials, in 
particular with the use in biomedical applications.[22] 
Comparing the fraction of terminated chains, between the conventional radical 
polymerization and the ATRP, it is possible consider that in the conventional radical 
polymerization at any time all chains are dead, radical formed on the surface instantly 
grow to a high- molecular-weight polymer and the graft polymerization proceeds by an 
increase of the number of graft chains. Instead in ATRP the fraction of terminated chains is 
significantly smaller thanks to a large pool of dormant species that are intermittently 
activated which are controlled by the addition of deactivator. Thus, if initiation is 
sufficiently fast, this results in the concurrent growth of essentially all chains. However, 
termination always occurs only for a very small percentage of polymer chains, mainly 
through radical coupling and disproportionation, in a well-controlled ATRP.[7] 
This is a diffusion-controlled process which also depends on the type of monomer, 
temperature and pressure.[61] 
Long-lived polymer chains with preserved ATRP active end-functionalities is a 
consequence of negligible irreversible chain transfer and termination. Hence, after the full 
consumption of the monomer, all the chains retain their active centres; then the 
propagation resumes upon introduction of additional monomer. 
This unique feature enables the preparation of block copolymers by sequential monomer 
addition. 
There is also another way to stop and preserve the ATRP active end-functionalities, i.e., by 
using a quenching solution composed by a big excess of deactivator and the ligand. 
The formation of dormant macroinitiator can be obtained adding a high concentration of 
deactivator CuBr2 to capture the radicals and shift the equilibrium to the dormant state. 
This quenching of a polymer brush effectively stop polymerization and keep growing chain 
ends active for the polymerization of subsequent blocks, thus proving the retention of the 
Br atom at the chain ends.[18,62] 
This quenching approach confines the polymeric radical to the surface. After rinsing to 
remove residual deactivator the polymerization can be reinitiated to grow the chains or to 
synthesize multiblock copolymers simply switching to a different monomer after each 
cycle.  
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The advantages of this approach are the easy control over the thickness of each polymeric 
layer, the restriction of polymerization to grafted chains and the facile synthetic 
procedure.[9] 
Bruening and al, also compared the efficiency between the quenching and re-initiation 
(QR) approach with simple washing procedure. They found a difference between the 
thickness of the polymeric layer, because some active chains terminate during the solvent 
washing, resulting in fewer chains growing and hence lower thickness.[9] In fact, quenching 
the polymerization after the synthesis of each block with a large excess of CuBr2 preserved 
> 95% of the active chain ends while, when just a simple solvent rinsing step was applied, 
only 85-90% of active chains were able to reinitiate polymerization.[22] 
2.3.2 Mechanism of atom transfer radical polymerization 
Furthermore, ATRP is controlled by a dynamic equilibrium between propagating radicals 
and dormant species and it is based on an electron transfer process that involves a 
reversible homolytic halogen transfer.  
ATRP equilibrium can be summarized like:  
 
                                                                         
Figure 2.2: General mechanism for atom transfer radical polymerization [14] 
 
where ka and kd are respectively the rate constant of activation and deactivation of the 
dormant species.[61]   
During ATRP, the growing chains are predominantly in a dormant state (Pn-Br); 
occasionally, during “the activation”, the dormant chains transfer a halide to a transition 
metal complex in the lower oxidation state (CuI-X/L) leaving a radical (R•) which can 
propagate by addition of monomer units and  in the formation of the metal complex in the 
higher oxidation state with a coordinated halide ligand (X-CuII-X/L).  
The growing chains re-form the dormant species by the acceptance of the halide from the 
metal complex in the higher oxidation state and the deactivator turns to the dormant state 
with the deactivation. This is the key step, and gives rise to the term "atom transfer".[16] 
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The metal catalyst has a number of different states which allow the addition of halide from 
an organo-halide adduct; in this way, the metal catalyst acts first as initiator and later on as 
chain-propagator. After initiation and propagation, the radical on the chain is reversibly 
terminated by the donation of halide from catalyst in its higher oxidation state.[61] 
Due to this phenomenon, the polymerization proceeds slowly and nearly simultaneously 
for all the graft chains and ideally no termination reactions take place during the process. 
ATRP has been successfully mediated by a variety of metals including Ti, Mo, Re, Fe, Ru, 
Os, Rh, Co, Ni, Pd and Cu. Complexes of copper have been found to be very cheap with 
respect to other metals and the most efficient catalyst in the ATRP over a broad range of 
monomers in different media.[60] 
In general, the ATRP catalyst was formed from Cu with N-based and halide ligands and its 
activity depends from the kind of ligand (tetra-, tri- or bi-dentate), the nature of nitrogen 
atoms (aliphatic, aromatic amine and imine) and the organic bridge between the N atoms. 
A short bridge, like C2, between the N atoms generates complexes with higher activity 
than more longer bridges, like C3 or C4, because of the steric effects around the copper 
centres.  
From the geometry of the copper complex it is possible to evaluate the molar ratio between 
the copper and the ligand.  
A method to control the SI-ATRP regulating the concentration of the dormant species, is to 
add an appropriate amount of the capping agent like CuBr2 prior to polymerization. In fact, 
adding the deactivator in the ATRP system the equilibrium is strongly shifted towards the 
dormant species (kact<<kdeact) to becoming a living radical polymerization. 
 
The rate of the ATRP polymerization is strongly influenced by the structure of the ligand, 
the concentration of dormant and monomer species, and the reaction conditions (polarity of 
solvent, temperature and pressure)[61], as it will be demonstrated in the next chapters.  
In addition, the ATRP equilibrium depends from initiator and monomer structure.  
Concerning the initiator the reactivity of the ATRP initiator depends on the degree of 
initiator substitution (primary < secondary < tertiary), on the leaving atom (Cl < Br < I) 
and on the radical stabilizing groups.[60]  
The order of the equilibrium constant for a series of common monomers in ATRP is 
acrylonitrile > methacrylates > styrene ≈ acrylates > acrylamides >> vinyl chloride > vinyl 
acetate.[60] 
The efficient preparation of block copolymers requires this order to be obeyed in the 
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synthesis of each block to ensure near simultaneous growth from each growing chain 
macroinitiator. The switch from one block to another class of monomers may sometimes be 
difficult and should be performed according to certain rules. when the comonomers 
belonging to different classes a halogen exchange should be used. starting from bromo-
terminated chains and switching to chloro-terminated ones in the presence of CuCl alters 
the equilibrium constants, which are much higher for Br than for Cl derivates.[14] 
However, this order can be altered with a method known as halogen exchange approach.  
In this technique, an alkyl bromide-type macroinitiator is extended with a monomer on the 
presence of a CuCl catalyst. 
The reason is the ATRP equilibrium constant that for alkyl chloride-type macroinitiator is 
1-2 orders of magnitude lower than the alkyl bromides with the same structure due to the 
higher free energy of dissociation of the C-Cl bond compared to the C-Br bond.[14,22] 
Therefore, in block copolymers the order of reactivity of the monomers for ATRP is altered 
and can be possible to grow from the polyNIPAM layer the poly(HEMA-co-EGDMA) 
layer.  
 
The appropriate selection of catalyst/monomer combinations and polymerization 
conditions can minimize a number of undesirable side reactions. 
The principal side reactions, as summarized in figure 2.3, are:  
- outer sphere electron transfer,  
- vinyl monomer coordination at the catalyst,  
- disproportionation of the metal catalyst,  
- halide dissociation,  
- formation of organometallic species,  
- and β-H abstraction.  
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Figure 2.3: the main side reaction which can occur in ATRP[60] 
 
These side reactions can affect catalyst performance as well as polymer molecular weights 
and chain end functionality. The outer sphere electron transfer may occur between the 
organic radicals and transition complexes where by the radicals are oxidized or reduced by 
CuI and CuII respectively.  
Halide chain end functionality can also be lost during the ATRP due to electron transfer 
reaction catalyzed by CuII deactivator. The effect of this reaction on chain end functionality 
becomes particularly pronounced at high conversions as the time between monomer 
propagation events becomes longer with decreasing monomer concentration. Thus 
stopping the reaction at lower conversion is a simple effective technique for retaining high 
chain end functionality.  
The π-coordination of the monomer can occur under typical ATRP conditions (when the 
ratio between the monomer concentration and the catalyst concentration is about 100/1) as 
much as 10% of monomer could displace Br- and coordinate to CuI/ligand at room 
temperature. Decreasing of the monomer/catalyst ratio enhances the degree of monomer 
coordination. 
Unfortunately, when the ATRP is carried on in aqueous media the equilibrium constant for 
disproportionation of CuI is very large. The lost of the activator is compensated by the use 
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of many copper catalysts which is attractive for their activity and for economic reasons. 
This side reaction can be suppressed with the choice of appropriate ligand and working in 
excess of ligand. 
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3 Aim of this thesis 
During my master degree at university of Pisa I benefited of an Erasmus scholarship for a 
placement to the "Materials Science and Technology of Polymers", MTP, group at the 
University of Twente, Enschede, in the Netherlands.  
The MTP group dedicated the last years in developing brush platforms for biological 
applications.[63-72] 
This project aims at the synthesis of multiblock thermo-responsive/hydrogel copolymer 
brushes polyNIPAM and polyHEMA-based. This new material was synthesised by 
controlled SI-ATRP polymerization onto the silicon oxide chips. 
The stimulus-responsive hydrogels are attracting much attention due to their potential use 
in controlled release systems where drugs or cosmetics can be released upon receiving a 
specific stimulus or "trigger". In addition this multilayer could be used to study the 
interaction between radiation and matter as a stimulable device made of nanoparticles 
connected to a silicon oxide substrate which will be capable to modulate the distance 
between the nanoparticles and the substrate through an external stimulus.[69] 
The project involves the strict control of the ATRP polymerization of polyNIPAM brushes 
grafted onto SI-ATRP silicon oxide chips, to study the reproducibility of the fabrication of 
this thermo-responsive layer grafted onto silicon oxide and the synthesis of the triblock 
ABA copolymer brushes by sequential ATRP polymerizations. 
The swelling, the thermo-responsive and mechanical properties were investigated. 
 
Chapter 3  24 
 
 
Figure 3.1: The absorption-release triblock functions 
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4 Apparatus and methods  
4.1 Characterization methods of the surfaces 
To investigate the chemical compositions and to verify that the different polymeric layers 
were successfully grown, contact angle, Fourier Transform Infrared (FTIR) and Atomic 
Force Microscope (AFM) investigations were used. The thicknesses as well as the grafting 
densities of the brushes, and the thermo-responsive properties of the samples were 
determined and studied using Varying Angle Spectroscopic Ellipsometry (V.A.S.E.) and 
AFM. In addition, the surface morphology and the mechanical properties of each 
polymeric layers were studied through AFM and the ellipsometric analysis. 
4.1.1 Contact Angle 
The wettability of a surface depends on the interfacial layer and may be examined by the 
evaluation of the contact angle and this term is used to describe the tendency for a liquid to 
spread on to a solid surface.[73] 
Two different methods were used for the determination of the hydrophobicity of the 
surface: the  static sessile drop and the static captive drop mode. The differences between 
these modes are the nature of the medium and the nature of the drops; in fact, in the sessile 
drop mode, the information were extrapolated by a drop of a liquid in air, and were 
measured the internal contact angles. Instead, for the captive drop mode, the drops were air 
in a medium of water.[74] 
For these measurements an optical contact angle devise (OCA15, Dataphysics) was used 
equipped with an electronic syringe unit connected to a charge-couple device (CCD) video 
camera.  
Firstly, the contact angles were determined through the sessile drop mode, in other words 
were measured the internal contact angles of the Milli-Q water droplet under controlled 
condition (21 °C and stable water vapour pressure); these angles were obtained drawing a 
tangent close to the edge of the drop.  
For each sample, three spots on the modified silicon oxide chip characterized by a well-
controlled polymeric thickness (two on the board and one in the centre) were measured, 
and from these data, the standard deviations of the average value were elaborated and 
summarized in table 4.1.  
The internal angles of the water droplet, on both sides, were obtained drawing a tangent 
close to the edge of the drop. Three measurements across each sample were taken as shown 
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in table 4.1; then these data were elaborated obtaining the internal average values of 
contact angle and then standard deviations. 
Table 4. 1: table giving the average value of the contact angle measured in sessile drop mode of clean 
silicon oxide chips, of surface-initiated atom transfer radical polymerization (SI-ATRP) silicon oxide, 
of poly(N-isopropylcrylamide) (poly(NIPAM)) brushes, of poly(Hydroxyethyl methacrylate) brushes 
(poly(HEMA)) and poly (Hydroxyethyl methacrylate-co-ethylene glycol di(metha)acrylate) brushes 
(poly(HEMA-co-EGDMA)) grafted onto silicon oxide surfaces. 
Contact 
Angle 
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Secondly, the contact angles in captive drop mode were measured for each polymeric 
layers measuring the contact angles for an air drop in a Milli-Q water medium. 
The average values of contact angle measurements obtained via captive drop are shown in 
table 4.2.  
Table 4. 2: approximate of contact angle measured via captive drop mode of clean silicon oxide chips, 
of SI-ATRP silicon oxide, of poly(NIPAM) brushes, of poly(HEMA) and poly(HEMA-co-EGDMA) 
brushes grafted onto silicon oxide surfaces. 
Contact 
Angle 
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Since poly(NIPAM) and poly(HEMA-co-EGDMA0.5%mol) are different polymers, the 
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hydrophilicity of the surface will change depending on the interfacial layer. Therefore the 
wetting of materials and the adhesion properties were examined by using the static sessile 
drop and the static captive drop method. 
4.1.2 Ellipsometry 
Woollam Variable Angle Spectroscopic Ellipsometry (V.A.S.E.) is a powerful, non-
invasive surface/interface probe enabling characterization of thin polymeric films.  
Ellipsometry is an optical technique where the sample is characterized by the change in 
polarization state of a beam of polarized light, induced by reflection from the sample.[75] 
The change of polarization state is characterized by Ψ (psi) and Δ (delta) parameters 
defined by the equation: 
tan(Ψ)*eiΔ=ρ=rp/rs (Eq. 4.1) 
where tan(Ψ) is the magnitude of the reflectivity ratio, Δ represents the phase difference, ρ 
is the ratio of the reflectivity between p-polarized light (rp) and s-polarized light (rs), in 
other words rp and rs are the complex reflection coefficients for parallel and perpendicular 
polarizations.  
For the determination of the optical constants and film thickness is necessary to build an 
optical model that fits the experimental data.  
The basic steps for spectroscopy ellipsometry analysis are:  Ψ and Δ are measured as a function of the wavelength on the sample;  a layered optical model is built to generate the theoretical ellipsometry data;  fitting the measured data to the model-generated spectroscopic ellipsometry data;  the results of the fit, so the difference between these curves, are evaluated by an 
estimator like the Mean Squared Error (MSE). 
The polymeric brushes grafted on silicon oxide were considered to be transparent in the 
visible spectral range, between (300-900 nm); therefore, for these transparent films, the 
index of refraction “n” can be specified using the Cauchy dispersion relationμ 
n=An+Bn/Ȝ2+Cn/Ȝ4 (Eq. 4.2) 
where Ȝ is the wavelength in microns (1 ȝm = 1×10-6 m), An relates to the approximate 
amplitude for the material index, while Bn and Cn provide the shape or curvature of the 
index of refraction versus wavelength. 
From the spectroscopic ellipsometry it is possible to retrieve several information: 
1) the thickness of the polymeric layers under different conditions, temperature 
and media composition; 
2) the grafting density and the length of the polymer brushes; 
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3) the stimuli-responsive behaviour of the grafted polyNIPAM multilayer and 
single layer. 
All these information were extracted from the measurements of Ψ and Δ  parameters under 
different condition: 
- changing the medium: in air or in Milli-Q water; 
- working at different temperatures between the room temperature, 25 °C, and 37 °C.  
In the next paragraphs the models used to analysed the polymeric thicknesses will be 
explained in detail. 
However, the polymer brushes present free chain ends as confined at the top of the grafted 
layer.  
As a consequence, they are characterized by a vertical polymer concentration profile which 
follows a (parable or step) function.[76]   
This property depends from the conformation of the swollen brushes, in fact the vertical 
polymer concentration profile is considered negligible when the brushes collapse into a 
homogeneous polymeric layer. 
Therefore, when the brushes are swelled, the model for the determination of polymeric 
layer is composed of two different sections: a dense and a graded layer on the top. 
However, many properties of brush systems are not sensitive to their profile and they have 
generally the same functional dependence on the polymer chain length and on the density 
of grafted chains.  
4.1.2.1 Thickness of single polymeric grafted layers 
The dry thickness of both single polymer layers, either poly(NIPAM) brushes or 
poly(HEMA-co-EGDMA) brush gels, was determined by using a single homogeneous 
Cauchy layer model (silicon substrate + silicon oxide layer + grafted homogeneous 
polymeric layer), as shown in fig 4.1.    
The native silicon oxide layer was set to be 2.0 nm thick; the refractive index, n of the 
grafted polymeric layer was described using a Cauchy model, the Cauchy parameter C was 
kept 0 and the surface was considered homogeneous and flat (without roughness). 
The dry thicknesses were obtained by performing the measurement three different incident 
angles, namely 65°, 70°, 75°, in the wavelength range of 300 to 900 nm; for each sample 
the reported data are the average value over measurements at three different spots on the 
polymeric brush surfaces.  
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Therefore to evaluate the thickness of the swollen poly(NIPAM) brushes, a two layered 
model was used (silicon substrate + silicon oxide layer + dense polymeric layer+ graded 
polymeric layer); in other words this model consists of a dense polymeric layer at the 
surface and a graded layer at the water interface.[76] 
This model was chosen since it was assumed that the silicon system is composed by a layer 
with a constant segment density and with optical properties similar to those of the 
collapsed model at silicon interface, and a layer with a density that gradually decreases as 
its goes to the water interface. 
Thus, the thickness and both A and B Cauchy parameters were fitted as a function of 
wavelength for the dense layer; by contrast, in the graded model were fitted the thickness, 
A and B Cauchy parameters and the gradient in A, described by an exponential decrease of 
the constant A as used in the Cauchy expression. In addition, working with Milli-Q water, 
the refractive index of the ambient was considered >1, i.e., between 1.350-1.325.    
The wet thickness was obtained using Milli-Q water and a home-made cell by an analysis 
at the fixed incident angle of 70° of the laser with a wavelength between 350-900 nm; the 
average over measurements at three different spot on polymeric brush surface were 
reported for each samples. 
The wet thickness of the poly(HEMA-co-EGDMA) gel brush layers was determined using 
a single homogeneous Cauchy layer model (silicon substrate + silicon oxide substrate + 
grafted dense polymeric layer). 
The swollen thickness was obtained by an analysis at the fixed incident angle of 70° of the 
laser with a wavelength between 350-900 nm; the refractive index, n, was described using 
a Cauchy model and the surface was considered homogeneous and flat (without 
roughness). 
A and B Cauchy parameters were fitted, with the wavelength and the thickness for each 
sample and the reported data were the average over measurements at three different spot on 
polymeric brush surfaces. The temperature of the Milli-Q water in the cell was controlled 
using an external heated bath Julabo F12-ED temperature controller that continuously 
Figure 4. 1: schematic representation of ellipsometric models for determination of dry single 
poly(HEMA-co-EGDMA) brush gel (left) and poly(NIPAM) brush (right) layers grafted onto 
SI-ATRP silicon oxide surface. 
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pumped water in a custom-built fluid cell.  
 
In addition, the swollen polymer volume fractions and the grafting densities were 
evaluated by elaborating the dry and swollen polymeric thicknesses. 
The swollen polymer volume fraction of the layers were calculated dividing the dry 
thickness with the wet thickness, hwet/hdry.[40] 
The direct measurement of brush density is very difficult because there is no an accurate 
and standard method to cleave the grafted polymer chains from the silicon oxide substrate; 
in addition, the amount of the polymer brush chains is very small, thus it is no easily 
detectable with the typical analytical instrument as gel permeation chromatography (GPC). 
Therefore, the grafting density, σ was indirectly obtained from the swollen polymer 
volume fraction.[58] 
In a good solvent, according to the mean-field theory, the configuration of a polymer brush 
chain could be considered as an alignment of blobs, where the diameter approximates to 
the distance between two neighbouring grafting sites. 
As a consequence, the wet thickness can be estimated as: 
hwet=ξ(N/N1)   (Eq. 4.3) 
where ξ=2(πσ)-1/2 is the distance between two neighbouring grafting sites, N is the total 
number of monomers in a polymer brush chain, N1 is the number of monomers inside one 
blob. 
Thus, the wet brush thickness can be described as:  
hwet=0,153Nσ(1/3)    (Eq. 4.4) 
while the dry thickness can be described by: 
 
Figure 4. 2: schematic representation of the swollen ellipsometric models at room temperature for 
poly(HEMA-co-EGDMA0.5) brush gel (left) and poly(NIPAM) brush layers (right) onto SI-ATRP 
silicon oxide surface. 
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hdry=σNMn/Naρ (Eq. 4.5) 
where Mn is the molecular weight of monomer (for NIPAM =113.16g/mol and for HEMA 
=129g/mol), Na is Avogadro's number, ρ is the density of polymer (for NIPAM 
about1.269g/cm3 while for HEMA 1.07g/cm3). [77] 
Comparing these equation the grafting density of poly(NIPAM) can be estimated as: 
hwet/hdry=1.03/ σ(2/3) (Eq. 4.6) 
While the grafting density of brush gel can be estimated as: 
hwet/hdry=0.7/ σ(2/3) (Eq. 4.7) 
4.1.2.2 Thickness of multiblock copolymers grafted on silicon oxide. 
Ellipsometric analysis were performed to verify the synthesis of the tri-block polyNIPAM-
b-poly(HEMA-co-EGDMA0.5)-b-polyNIPAM copolymers grafted on silicon oxide surface 
and to evaluate the thicknesses of each polymeric layer after each polymerization step. 
The swelling properties of multilayer were studied comparing the dry and wet thicknesses 
and the thermo-responsive behaviour was studied comparing the wet thicknesses measured 
below and above the poly(NIPAM)'s lower critical solution temperature (LCST). 
The different refractive indexes of two polymers is not discernible by optical analysis 
because their refractive index values were very close. Consequently, all the different 
polymeric layers of the multiblock samples were considered in the models like unique 
single polymeric layer.  
In detail: the dry thickness of multilayer was determined using the single homogeneous 
Cauchy layer model, the same that was also used for the analysis of single polymeric layer 
(silicon substrate + silicon oxide layer + homogeneous Cauchy layer). 
 
 
Figure 4.3: schematic representation of ellipsometric model used for determination 
of dry thickness of poly(NIPAM)-b-poly(HEMA-co-EGDMA)-b-poly(NIPAM) 
triple block layers grafted onto SI-ATRP silicon oxide surfaces. 
Chapter 4 32 
 
As regards the evaluation of the wet thickness of the multilayer the samples were analysed 
at two different temperatures, i.e., 25 °C and 37 °C.  
The model used for the analysis of the wet thickness at room temperature, at 25 °C, was 
composed by a single graded Cauchy model (silicon substrate+ silicon oxide layer + 
graded polymeric layer).  
The graded polymeric layer was characterized by a layer with a density that gradually 
decreases as its goes to the water interface. The thickness, A and B Cauchy parameters and 
the gradient in A were fitted as a function of the wavelength.[76] 
The constant A was described by an exponential decrease used in the Cauchy expression 
and the refractive index of the ambient was considered between 1.350-1.325 working with 
Milli-Q water. 
The model used for the analysis of the wet thickness at temperature above the 
poly(NIPAM)'s LCST was composed by a single homogeneous Cauchy model (silicon 
substrate+ silicon oxide layer + homogeneous dense polymeric layer).[76] 
The refractive indexes, n, of the grafted polymeric layer, were described using a Cauchy 
model, the surfaces were considered homogeneous and flat (without roughness), and the 
Cauchy parameter C was kept 0. The Cauchy parameters A, B and the thickness were fitted 
as a function of the wavelength. 
The analysis was performed by using a home-made cell, with a laser with a wavelength 
between 350-900 nm which worked at fixed incident angle of 70° and the temperature, at 
37 °C, was controlled with an external heated bath Julabo F12-ED temperature controller. 
The refractive index of the ambient was considered between 1.350-1.325 working with 
Milli-Q water. 
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For each sample three different spots were measured and from these data the average 
values of the thicknesses and their standard deviations were elaborated. Both the models 
are summarized in figure 4.4. 
4.1.2.3 In-situ ellipsometry analysis for the determination of poly(NIPAM)'s 
lower critical solution temperature (LCST) 
 
The LCST of thermo-responsive poly(PNIPAM) brushes was obtained analysing the wet 
thicknesses of polymeric layers as a function of the temperature through an in-situ 
ellipsometric analysis. 
Briefly, as summarized and shown in fig 4.5, the models used in the analysis of the wet 
thicknesses at room temperature were the same presented before; so the poly(NIPAM) wet 
thicknesses were measured using a two layered model at temperature below the LCST, 
while a single layered model was used when the temperature of the cell was above the 
poly(NIPAM)’s LCST .  
In particular, the thicknesses were experimentally obtained by an analysis at the fixed 
incident angle of the laser, with a wavelength between 350-900 nm. 
 
In the in-situ experiments, the samples were analysed firstly in the dry state at room 
 
Figure 4.4: schematic representation of the models used for the determination of the wet multiblock 
thickness, in Milli-Q water below (left) and above (right)  the lower critical solution temperature 
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temperature then the samples were immersed in Milli-Q water and finally the temperature 
was increased of 3 °C until 37 °C. The temperature of the water in the cell was controlled 
using an external heated bath Julabo F12-ED temperature controller that continuously 
pumped water in a custom-built fluid cell.  
For each temperature step, 10 min was waited for the equilibrium in the cell.  
 
In conclusion, the optical properties were studied as a function of the temperature; in fact 
psi and delta were measured and plotted as a function of the wavelength for the different 
temperatures as shown in figure 4.6. 
 
 
 
 
 
Figure 4.5: schematic representation of the thermal transition of poly(NIPAM) grafts. 
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Figure 4.6: temperature dependence of the ellipsometric quantities psi and delta, top and bottom 
panels respectively, at different temperatures. The continue and the dotted lines represent 
experimental and simulated data, respectively. 
 
4.1.3 Fourier transform infrared spectroscopy, FT-IR  
 
The composition of the layers could be detected with FT-IR in order to verify the success 
of the  polymerization steps by detection of specific peaks for each component. 
A BIO-RAD FTS575C FT-IR spectrometer was used for investigating the chemically 
modified surface; it was equipped with a nitrogen-cooled cryogenic mercury telluride 
(MTC) detector with a spectral resolution of 4 cm-1. 
The background spectra, showed in figure 4.7, was obtained from scanning silicon oxide 
sample cleaned for 30 min with piranha solution (3:1 v/v of H2SO4:H2O2) with a delay 
time of 600 s and 512 scan between the scan frequency between 8000 and 500 cm-1. 
The FT-IR spectra obtained for the characterization of each step of synthesis were obtained 
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with the same settings: delay time of 600 s, scan frequency between 4000 and 500 cm-1 
with 512 scans. They are collected in fig 4.8 and the typical and more important peaks for 
each polymeric layer are summarized in table 4.3. 
. 
 
 
Figure 4.8: FT-IR spectra of the silicon oxide surface after vapour deposition of the ATRP-
initiator (A), after grafting poly(NIPAM) brushes (B) and after grafting poly(HEMA-
EDMA0.5%mol) brush gel (C). 
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Figure 4.7: FT-IR spectra of clean silicon oxide sample. 
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Table 4. 3: table for typical FT-IR peaks of poly(NIPAM) and poly(HEMA-co-EDMA0.5%mol) 
brushes grafted on silicon oxide. [49, 78] 
FT-IR 
peaks 
Observed bands of 
polyNIPAM brushes 
Observed bands of 
poly(HEMA-co-
EDMA0.5%) 
Brush gel 
Wavenumber 
(1/cm) Assignment 
Wavenumber 
(1/cm) Assignment 
a 3440 υ(N-H)free 3443 υ(-OH)bounded 
b 3320 υ(N-H)bonded 2950 υasymm(CH3) 
c 3200 Amide I+ Amide II 2890 υasymm(CH2) 
d 3065 Amide bonded 1725 υ(C=O)  
e 2970 υasymm(CH3) 1490 δasymm(CH3) 
f 2930 υasymm(CH2) 1450 δasymm(CH2)  
g 2912 υ(CH) 1380 δsymm(CH3) 
h 2878 υsymm(CH3) 1270 
υ(C-O) i 2820 υsymm(CH2) 1175 j 1650 Amide I 1111 
k 1535 Amide II 1020 
l 1469 δasymm(CH3)   
m 1460 δasymm(CH2)   
n 1385 δsymm(CH3)   
o 1365 δsymm(CH2)   
p 1280 Amide III   
q 1175 CH3 skeletal   
r 1155 CH2 skeletal   
s 1132 CH3 rocking   
 
For the analysis of the composition of polymeric layers the specific peaks of polyNIPAM 
brushes at 1650 and 1535cm-1 (typical amide peaks) and the peak of poly(HEMA-co-
EDMA0.5%) at 1725cm-1 (typical ester peak) can be used after each polymerization step to 
control the effective formation of the new polymeric layer during the synthesis of the tri-
block copolymer brushes.[79]   
The monolayer of ATRP initiator cannot be detected from the clean silicon oxide with this 
technique.[49,80]  
4.1.4 Atomic force microscope, AFM 
Atomic force microscope, AFM, provides high spatial resolution, three-dimensional 
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topographical information on samples surfaces and therefore is a powerful tool for 
imaging, characterization and manipulation of matter at the nanoscale. Through the 
topographic studies, the thermo-responsive behaviours and the swelling properties of the 
samples were studied.[81-85] 
In addition, with the topographic image, other properties, such as elasticity or adhesion 
force can be probed and mapped with this technique.[83]  
AFM is a really versatile technique which enables studying the materials properties under 
different environments (air or liquid environment) and at different temperatures. 
AFM consists of a cantilever with a sharp tip (probe) at its end, which is used to scan the 
specimen surface. The sample is mounted on a piezoelectric tube, which can move the 
sample in the z direction to maintain a constant force and the samples were scanned in the 
x and y directions. 
The interactions between the tip and the sample surface, like electrostatic forces and/or Van 
der Waals forces, result in a deflection of the cantilever that it is measured using a laser 
spot reflected from the top of the cantilever and directed onto a photodiode array. A 
feedback mechanism is employed to adjust the deflection to maintain a constant force 
between the tip and the sample during imaging.[81] 
AFM may operated in different modes, depending on the application: 
- contact mode and 
- tapping mode. 
In the contact mode the force between the tip and the surface is kept constant maintaining a 
constant cantilever deflection.  
In tapping mode the cantilever is vibrating such that it comes in brief contact with the 
sample during each cycle, and then enough restoring force is provided by a cantilever 
spring to separate the tip from the sample. 
Exist different kinds of tips for different application: 
- pyramidal and conic tip for the determination of elastic properties through 
indentation experiments and 
- colloidal probe for quantify the surface forces by friction experiments of soft matter 
systems. 
The elastic properties of polymer surfaces were determined by indentation experiments 
using the colloidal particle attached to the tip, that is a silica sphere with a radius of 500 
nm. 
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4.1.4.1 Evaluation of the morphologies and measurement of dry and wet 
thickness scratching the surfaces of the tri-block copolymer brushes varying 
the temperature.  
 
In this thesis the thickness of tri-block polyNIPAM-b-poly(HEMA-co-EGDMA)-b-
polyNIPAM films and the morphologic images of the surfaces were evaluated by AFM 
analysis, working in tapping mode after scratching the surface of the samples. 
The scratches on the samples were made using a needle and the thicknesses were deducted 
by comparing the deep of the scratch between the hard silicon oxide surface and the top of 
the polymeric layer.  
In addition, information about the morphology of the polymer surfaces were extrapolated 
through the quantification of the roughness. It was measured on an area of 10x10 µm2 and 
the values obtained from the software were expressed as average root-mean-square, RMS, 
roughness.  
The thicknesses and the morphologies information were obtained analysing the sample in 
air and in Milli-Q aqueous solution at different temperature (under and above the 
poly(NIPAM)'s LCST, at 26 °C and 35 °C, respectively).  
A Multimode NanoScope equipped with a J-scanner (100x100 µm2 x-y scan size), using a 
triangular silicon nitride cantilevers, with a high-temperature accessory diTAC were used 
for these AFM experiments. 
The control of the temperature of the medium was allowed thanks to a liquid cell equipped 
with an external thermocouple linked directly at the heating accessory.  
All the samples obtained during the synthesis of the tri-block copolymer brushes were 
analysed as in ellipsometric characterization. Thus the first single monolayer of 
poly(NIPAM), the monolayer of poly(HEMA-b-EGDMA) and the double layer 
poly(NIPAM)-b-poly(HEMA-co-EGDMA), the second monolayer of poly(NIPAM), the 
triple layer poly(NIPAM)-b-poly(HEMA-co-EGDMA)- b-poly(NIPAM), and the double 
poly(HEMA-co-EGDMA)- b-poly(NIPAM) were analysed first in dry state obtaining the 
dry thickness and the dry image, and then in Milli-Q water at 26 °C and 35 °C obtaining 
the swollen and collapsed wet thicknesses and the respective images. 
For each sample the measurements were done in triplicate. 
4.1.4.2 Surface forces measurements and determination of surface topography 
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The AFM measurements were performed on a Bruker Multimode V with the Nanoscope 5 
controller, equipped with a heater-cooler setup and the Bruker liquid cell. 
AFM, equipped with the colloidal probe, was used for the determination of the mechanical 
properties of polymeric surfaces in Milli-Q water as function of the temperature, at 25 °C 
and 40 °C, using a colloidal probe with a radius of 8 µm and a spring constant of the 
cantilever of 0.9 N/m via indentation experiments.  
The indentation experiments involve acquisition of deflection-distance curves.[65,86] 
From the cantilever deflection and the scanner extension data, the Young's modulus were 
elaborated using the Hertz model. In fact, a quantitative way to evaluate the deflection vs 
piezo-extension is to use the apparent Young's modulus of polymeric layers which were 
determined from recorded curves based on the Hertz model.[86] The elaboration of the 
modulus was performed for the extended curves in the regime from 5-30% of the total 
curve and for these experiments a silica colloidal probe was used with 8µm range and with 
a spring constant of the cantilever of 0.9 N/m. 
In the Hertz approach only elastic deformations of the contacting surfaces are considered 
in the mechanism of interaction between the AFM tip and the sample surface, so that the 
adhesion is neglected. 
From the approach section of deflection-extension curves the deformation of the polymeric 
brushes can be obtained and calculated from: 
δ=|Z-Z0|-(D-D0) (Eq. 4.7) 
where Z is the piezo-extension, Z0 is the piezo-extension at which tip-surface contact 
occurs, D is the values of deflection of the cantilever and D0 are the values of deflection of 
the cantilever when the tip-surface contact occurs. 
In addition, the load applied (F) onto the polymer grafts is calculated from: 
F=k(D-D0)  (Eq. 4.8) 
where k represents the spring constant of AFM cantilever. 
The Hertz equation was used to determine the values of the apparent Young's modulus: 
F=E*δ^3/2*4√rtip /3(1-υ2)  (Eq. 4.9) 
where rtip is the radius of the silica colloidal probe, υ is the Poisson ration and E is the 
Young's modulus of the polymer grafts. 
The values of the Young's modulus were then calculated and their distribution were 
showed in the histograms.  
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4.2 Materials and synthetic aspects  
Silicon chips are the backbone of modern electronic technology. Considerable attention has 
been paid to the manipulation and control of the physicochemical properties of silicon 
surfaces because of their importance in the modern biomicroelectronics industry.[87] 
As the size of the devices on silicon wafers scales down to nanometer, the surface 
characteristics become dominant and play an increasingly crucial role in device 
operation.[30] 
Recent progress in polymer synthesis techniques makes the production of well defined 
polymer chains possible; tethering of polymer brushes can serve as an effective etching 
method for modifying the surface properties of the substrate. The dense polymer layer 
serves as an effective etching barrier, it provides excellent mechanical and chemical 
protection of the substrate and provides new pathways for the function of silicon surfaces 
for molecular recognition and sensing.[87]  
4.2.1 Reagents purification 
The N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA, 99%), the CuBr2 (99%) and 
the 2,2'-bipyridine (bpy, 98%) were purchased from Aldrich and were used as received 
unless specified otherwise.  
4.2.1.1 N-isopropryl acrylamide, NIPAM 
 
Figure 4.9: the chemical structure of NIPAM monomer 
The NIPAM at 99% of purity was purchased from Across Organics and it was 
recrystallized from toluene/n-hexane in the ratio 1:1.[88]  
Thus, the monomer was dissolved in the minimum volume of toluene at room temperature; 
sequentially, the same volume of n-hexane was added in the mixture and was crystallized 
in a freezer overnight. 
Finally the NIPAM was filtered and was washed with abundant n-hexane. 
The dried so-pure NIPAM was stored in a fridge. 
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4.2.1.2 2-Hydroxyethyl methacrylate, HEMA 
 
Figure 4.10: the chemical structure of HEMA monomer 
HEMA at 97% was purchased from Aldrich and was purified for removing hydroquinone 
and hydroquinone methyl ether in accord to a literature procedure.[57] 
In detail, the HEMA was dissolved in water at 25%  v/v and it was purified by washing the 
water solution with n-hexane three times. The water solution of HEMA was then saturated 
with sodium chloride thus the HEMA was separated; this step required at least 2 hours for 
the complete separation of the water from HEMA phases. 
Then, the HEMA phase was transferred into a flask that contained anhydrous magnesium 
sulphate and sequentially it was filtered passing through a basic alumina column. 
The so-formed pure HEMA was stored in the fridge at -26 °C before use.  
4.2.1.3 Ethylene glycol dimethacrylate, EGDMA 
 
Figure 4.11: The chemical structure of EGDMA monomer 
Ethylene glycol dimehtacrylate (EGDMA) was purchased from Aldrich at 98% and was 
purified by filtering twice on active alumina to remove the inhibitor, monoethylether 
hydroquinone.  
The so-formed pure EGDMA was stored in a freezer.  
4.2.1.4 Copper(I) halides 
The purification of both copper(I) halides, CuBr and CuCl, from the CuII traces was 
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obtained by acid reduction using acetic acid 100%, glacial (Ensure).[89] 
In a flask containing the glacial acetic acid, the copper halide was added and the mixture 
was stirred for at least 2 hours and washed with absolute ethanol. 
Then the salt was filtered, rinsed three times with ethanol and dried under vacuum 
overnight. The salt was left in the dark with aluminium as cover foil. 
4.2.2 Synthesis of surface-initiated atom transfer radical 
polymerization (SI-ATRP) onto silicon oxide substrate 
Generally an ATRP initiator contained at one end the active site for ATRP (generally a 
second or tertiary halogen), at the other end an anchoring group to react with the hydroxyl 
groups of the silicon oxide surface and between them a chain with the function of spacer. 
[16] 
An appropriate initiator was chosen from the evaluation of different reactive parameters[58]:  bond dissociation energy needed for homolytic bond cleavage (3°>2°>1°);  radical stability is enhanced by the presence of the ester group;  alkyl halide reactivity follows the order I>Br>Cl. 
The native silicon oxide surface is coated with a monolayer of a bromosilane terminated to 
form ATRP initiator capable of releasing a halogen to create a free radical. The self-
assembled monolayer of ATRP initiator was deposited from the vapour deposition.[90] 
The MTP group has generally used 3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropionate (CDB) as ATRP initiator, synthesised via platinum(0)-catalysed 
hydrosilylation of allyl-2-bromo-2-methylpropionate, as showed in scheme 4.1.  
The synthesis of ATRP-initiator was adapted from the method described in the   
literature.[91-92]  
In a glove box under nitrogen atmosphere a few granules (about 0.5 mg) of chloroplatinic 
acid were added into a clean and dry two-necked round bottomed flask.  
Then, sequentially, allyl-2-bromo-2-methylpropionate (0.6 mL, 3.8 mmol) and dimethyl 
chlorosilane (4 mL, 36 mmol) were added using a syringe which was previously purged 
 
 
Scheme 4. 1: synthesis of ATRP initiator, 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate 
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three times with nitrogen flow.  
The solution was left to react for 48 hours under nitrogen and the flask was covered with 
aluminium foil to avoid photo-degradation. 
The excess of unreacted silane was evaporated for 4 hours using a vacuum pump with a 
cold trap. 
Thus, a yellowish oily 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate was 
obtained and its purity was tested by 1H-NMR in CDCl3 as showed in appendix figure A.1. 
 
 
Scheme 4. 2: Vapour deposition of the ATRP initiator self-assembled monolayer on silicon oxide 
 
The formation of ATRP initiator self-assembled monolayer was obtained through vapour 
phase deposition[93] of the 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate, as 
shown in scheme 4.2. 
The silicon oxide substrates were sliced into square chips of about 1x1 cm in size and then 
they were cleaned with a piranha solution for 30 minutes to remove the organic residues on 
the surfaces, to activate reactive and maximize the number of silanol groups. 
The piranha solution is composed of sulphuric acid 97% (Sigma-Aldrich) and hydrogen 
peroxide 30% (Merck) in ratio 3:1 v/v. The piranha solution is very dangerous because it 
reacts violently with many organic materials. Thus, it should be handled with great care.  
Afterwards, the samples were rinsed with water and methanol, and dried in a nitrogen 
stream. 
The clean substrates were placed at the bottom of the desiccator which was evacuated by a 
rotary pump for 30min to avoid the presence of organic traces on the samples 
A few drops of the ATRP initiator were transferred into a plastic vial using an argon purged 
syringe on the bottom of the desiccator. 
The desiccator was immediately evacuated by a rotary pump for 15 min; subsequently the 
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desiccator was closed and the vapour deposition carried on for 16 hours. 
Finally the SI-ATRP samples were washed and sonicated in anhydrous toluene, ethanol and 
water; then they were dried under a nitrogen stream. 
The SI-ATRP substrates were immediately analysed by contact angle and stored in the 
nitrogen box.  
The initiated silicon substrates were used for the next polymerizations. 
 
4.2.3 A study of the main polymerization parameters of the SI-ATRP 
NIPAM polymerization onto silicon oxide 
 
 
Scheme 4. 3: synthesis of poly(NIPAM) brushes grafted onto surface initiated ATRP silicon oxide 
surface 
 
In this chapter the preparation of thermo-responsive poly(N-isopropyl acrylamide) brush 
layers onto flat silicon oxide substrates shown in scheme 3.3 and the kinetic study about 
the ATRP are described.  
The main polymerization parameters were studied as a function of the kinetic effects 
caused by:   the changing of medium polarity;   the changing of the relative amount of activator;  the changing of the relative amount of ligand  and the changing of the relative amount of deactivator. 
 
To begin, the SI-ATRP silicon oxide substrates were prepared as explained in the previous 
chapter.  
The kinetic effect of the medium polarity was studied changing the relative amount of 
water in the solvent mixture of polymerization. 
In fact, three different batches of polymerization were prepared, as summarized in table 
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4.4, and for the synthesis of the poly(NIPAM) brushes, the same batch of ATRP initiated 
silicon oxide wafers were used.  
The right amounts of NIPAM and PMDETA were weighted and dissolved in a flask 
containing the right amount of Milli-Q water and methanol called monomer-ligand 
mixture. The flask was sealed, stirred and degassed with argon for 30 min. The right 
amounts of CuBr and CuBr2 were added in a second flask which were sealed and purged 
with argon for 30 min. Then, the monomer-ligand mixture was transferred into the 
activator-deactivator flask with a purged syringe where, for 30 min, the mixture was stirred 
to facilitate the formation of organometallic complex CuI/PMDETA. 
Simultaneously, the SI-ATRP silicon oxide samples were put in a third flask under argon 
flow.  
The NIPAM polymerizations were stopped at different time; the samples were exhaustively 
rinsed with water and ethanol, and then were dried in a stream of nitrogen.  
For each different amount of water was used the same procedure to obtain the 
poly(NIPAM) brushes grafted onto silicon oxide substrates and the same amount of 
polymerization solution was transferred covering the samples. 
The samples were fully characterized with FT-IR, ellipsometry and contact angle. 
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Table 4. 4: composition of three different recipes used to study the kinetic effect of water in the ATRP 
polymerization. 
 
NIPAM 
polymerization at 
77.5% of water 
NIPAM 
polymerization at 
70% of water 
NIPAM 
polymerization at 
50% of water 
Amount Molar ratio Amount Molar ratio Amount Molar ratio 
So
lv
en
t 
Water 7.75 mL  10.5 mL  4.94 mL  
Methanol 2.25 mL  4.5 mL  4.94 mL  
M
o
n
o
m
er
 
NIPAM 2.77 g 101.5 3.75 g 90 2.7986 g 224.5 
O
rg
a
n
o
m
et
a
lli
c 
C
o
m
pl
ex
 CuBr 34.6 mg 1 52.8 mg 1 15.8 mg 1 
CuBr2 5.4 mg 0.100 8.1 mg 0.099 1.5 mg 0.061 
PMDETA 153 ȝL 3 215 ȝL 2.8 115 ȝL 5 
 
The study of the kinetic effects due to the variation of the other polymerization parameters 
was obtained preparing a master polymerization solution batch of NIPAM (3.7033 g, 32.74 
mmol), PMDETA (172 ȝl, 0.824 mmol) contained in 15 mL of water/methanol mixture at 
50% v/v. The monomer-ligand solution was sealed, stirred and degassed bubbling with 
argon for 30min; then it was transferred into a second flask containing CuBr (24.6 mg, 
0.1715 mmol) and CuBr2 (2.3 mg, 0.0103 mmol) that was previously purged with argon.  
The solution was stirred to facilitate the formation of the organometallic complex and 
degassed by bubbling argon for 30 min.  
Consequently, the master polymerization solution was divided into four equal parts, as 
shown in table 4.5, which were used to study the kinetic effects when the relative 
concentration of the activator, deactivator and of the ligand were varied. The last quarter 
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part was used as a reference. 
 
Table 4. 5: composition of recipes used to study the ATRP polymerization parameters for the synthesis 
of polyNIPAM brushes grafted onto silicon oxide substrates. 
  
Master 
polymerizati
on solution 
Double CuBr Double CuBr2 
Double 
PMDETA 
Control  
polymerization 
  
Amount Molar 
ratio Amount 
Molar 
ratio Amount 
Molar 
ratio Amount 
Molar 
ratio Amount 
Molar 
ratio 
So
lv
en
t 
Water 7.5 mL  
3.00 
mL 
 
3.00 
mL 
 
3.00 
mL 
 
3.00 
mL 
 
Methanol 7.5 mL      
M
o
n
o
m
er
 
NIPAM 3.71 g 190.9  97.52  190.9  190.9  190.9 
O
rg
a
n
o
m
et
a
lli
c 
C
o
m
pl
ex
 CuBr 24.6 mg 1 +4.7 
mg 1  1  1  1 
CuBr2 2.3 mg 0.06  0.03 
+0.4 
mg 0.1000  0.1  0.06 
PMDETA 172 μL 4.8  2.46  4.8 +34 μL 9.6  4.8 
 
All the NIPAM polymerizations were stopped at the respective time of 10 and 120 min 
rinsing exhaustively the samples with water and ethanol. From these data, the information 
about the polymerization rates and the maximum thickness of the synthesis of thermo-
responsive film were extracted.  
The samples were then analysed with FT-IR, contact angle and ellipsometry.  
4.2.4 Reproducibility of the synthesis of poly(NIPAM) brushes 
of 50nm onto SI-silicon oxide via ATRP  
 
As a consequence of the previous study on the polymerization parameters, the right 
protocol was chosen to obtain about 50nm of PNIPAM brushes grafted on the flat silicon 
oxide substrates: NIPAM: CuBr: CuBr2: PMDETA in molar ratio 200: 1: 0.05: 3 using the 
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solvent mixture of water-methanol at 50% v/v.[58]  
The reproducibility of the full process was studied analysing all the synthesis steps.  
Three samples for each polymerization batch were used in order to evaluate the standard 
deviations of the polymer thickness.  
All the substrates, 1x1 cm silicon oxide chips, were cleaned with piranha solution, washed 
with water and ethanol and finally dried under nitrogen flow.  
The monolayer of ATRP initiator, 3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropionate, was chemically grafted onto the silicon oxide surfaces via 16h of vapour 
deposition.[93] 
At the end of the deposition step, the samples were sonicated in toluene and washed in 
ethanol and water. Finally the samples were dried in a stream of nitrogen and directly used 
for the NIPAM polymerization via ATRP.  
The NIPAM polymerizations were studied between 10 and 120 min, with the main time 
steps at 10, 20, 40, 60 e 120 min.  
Table 4.6: composition of NIPAM polymerization solutions used to obtain the study of the repeatability 
of the synthesis of 50 nm poly(NIPAM) layer grafted on silicon oxide via ATRP. 
 Theoric First synthesis Second synthesis Third synthesis 
 
 
 
mmol Molar 
ratio 
 mmol Molar 
ratio 
 mmol Molar 
ratio 
Milli-Q 
water-
Methanol 
 
8 mL 
 
8 mL 
444 
 
198.0 
 8 mL 
 
8 mL 
444 
 
198.0 
 9 mL 
 
9 mL 
500 
 
222.7 
 
NIPAM 2.2 M 3.9850 g 35.220 200 3.9835 g 35.200 201 4.482 g 39.610 200 
CuBr 0.011 M 25.3 mg 0.1764 1 25.1 mg 0.1750 1 28.4 mg 0.1980 1 
CuBr2 0.0055 M 2.5 mg 0.0112 0.063 1.6 mg 0.0072 0.041 2.2 mg 0.0098 0.050 
PMDETA 0.033 M 110 ȝl 0.5268 2.99 110 ȝl 0.5268 3.01 124 ȝl 0.5268 2.66 
 
As summarized in table 4.6, the monomer-ligand and the activator-deactivator flasks were 
prepared, weighting and adding all the reagents. The flasks were sealed, stirred and 
degassed bubbling with argon for 30 min. 
After that, the monomer-ligand mixture was transferred to the activator-deactivator flask 
and the polymerization mixture was stirred and degassed with argon for 30 min to facilitate 
the formation of the organometal complex. The polymer solution became greenish and 
completely transparent. Simultaneously, the cleaned SI-silicon wafers were put in clean 
flasks and were purged with argon.  
The poly(NIPAM) brushes were grown transferring 1.5 mL of polymerization solution in 
each flask using a purged and clean syringe. At the end of the polymerization the reaction 
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was stopped by exhaustively washing with water and ethanol then the samples were dried 
in a stream of nitrogen.  
The samples were fully characterized immediately with FT-IR, ellipsometry and contact 
angle and they were stored in nitrogen box. 
4.2.5 Synthesis of tri-block copolymer brushes 
 
Scheme 4. 4: Synthesis of tri-block poly(NIPAM)-b-poly(HEMA-co-EGDMA0.5%mol)-b-poly(NIPAM) 
brushes grafted on SI-silicon oxide chips via ATRP 
 
For the synthesis of the first layer of poly(NIPAM) grafted directly on the silicon oxide, the 
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recipe presented and studied in the previous chapter was used: NIPAM:CuBr:PMDETA: 
CuBr2 is 200:1:3:0.1 in 50% v/v of water in methanol with a concentration CuBr 0.11 M. 
The polymerisation was stopped after 20 min of polymerization using a quenching solution 
composed by a mixture of water-methanol at 50% v/v CuBr2 0.05M and PMDETA 0.1 
M.[9] 
The synthesis of second block of poly(HEMA-co-EDMA0.5% mol) grafted on 
polyNIPAM layer used the recipe composed of HEMA:EGDMA:CuCl:Bpy:CuBr2 at 
100:0.5:1:2.5:0.1 in an aqueous solution at 50% v/v with the monomer.[55] The ATRP 
polymerization of HEMA and EGDMA was carried out for 20 min and it was stopped 
rinsing with ethanol the samples.  
The third layer of polyNIPAM brushes was eventually grown on the top of poly(HEMA-
co-EDMA0.5%mol) brush gel using the global molar ratio of the reactants of 
NIPAM:CuBr:PMDETA:CuBr2 is 200:1:3:0.1 in 75% v/v of water in methanol  with a 
concentration CuBr 0.11 M. The NIPAM ATRP polymerization was carried out for 30 min 
and it was stopped rinsing with Milli-Q water the samples. 
 
 
 
In particular: the big and the little chips, as shown in the previous chapter, were 
functionalized with ATRP initiator. So they were prepared, cleaned for 30min with piranha 
solution, washed with water and ethanol, and dried with nitrogen flow. 
 
 
Scheme 4. 5: schematic representation of the preparation of tri-block copolymer brushes and the 
different kind of samples used to study the reactivity of different ATRP sites. 
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Then, they were directly used for the vapour deposition of ATRP initiator; in fact, few 
drops of ATRP-initiator were added to a plastic vial which was put in the middle of 
desiccator and the samples were positioned around it.[93]   
The desiccator was evacuated for 15min with a rotary pump to eliminate the organic traces 
from the silicon oxide surfaces and the vapour deposition was proceeded for 16h.  
 At the end, all the SI-ATRP silicon oxide samples were sonicated with toluene, washed 
with ethanol and water and finally dried with nitrogen flow. 
For each big sample, a quarter of sample was collected which were called “SI-samples” ; 
they were analysed with contact angle and FT-IR. The little SI-samples and the SI-quarters 
were finally stored in the nitrogen box. 
The rest of the initiated substrates were used for the next step of synthesis of 50nm 
polyNIPAM brushes.  
The polyNIPAM brushes were obtained using the recipe that was studied in the previous 
chapter: molar ratio of NIPAM:CuBr:CuBr2:PMDETA as 200:1:0.05:3 in a solvent mixture 
of water-methanol 50% v/v.  
As summarized in table 4.7, the NIPAM (4.00 g, 35.4 mmol) and the PMDETA (110 ȝL, 
0.527 mmol) were weighted.  
They were added to a flask containing the mixture composed by Milli-Q water (8 mL, 444 
mmol) and methanol (8 mL, 186.3 mmol). The flask containing monomer-ligand aqueous 
solution was sealed, stirred and degassed with argon for 30min. 
In another flask were weighted and added CuBr (25.5 mg, 0.178 mmol) and CuBr2 (2.2 
mg, 0.0098 mmol); sequentially the flask was sealed and degassed with argon for 15 min.  
Table 4.7: composition of the NIPAM polymerization via ATRP on silicon oxide 
I Layer Water Methanol NIMAP PMDETA CuBr CuBr2 
Theorical 50% v/v ≈200 times Cu(I) 
≈3 times 
Cu(I) 0.011M ≈5.00% 
Amount  8.0 mL 8.0 mL 4007.3 mg 0.11 mL 25.5 mg 2.2 mg 
Ratio (mmol) 
  199 3 1 0.06 
 
Afterwards, the monomer-ligand mixture was transferred using a purged syringe into the 
CuBr-CuBr2 flask.  
The polymerization mixture was stirred and purged for 30 min to facilitate the formation of 
organometallic complex.  
Simultaneously, the quenching solution composed by CuBr2 (0.05 M) and PMDETA (0.1 
M) in 10 mL of Milli-Q water were prepared, stirred and degassed with argon to avoid the 
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presence of oxygen in the solution. The SI-silicon oxide chips were put in a flask which 
were purged with argon.   
Then, after 15 min, the polymerization solution was transferred into the flask containing 
the SI-ATRP substrates using a clean purged syringe.  
The NIPAM polymerization was stopped, after 20 min by the quickly transfer of the 
quenching solution with a purged syringe onto the samples. The preservation of the ATRP 
active tails were obtained working without any contamination and using the quenching 
solution thus the polyNIPAM brushes still containing active bromine atoms at the chain 
ends served as macroinitiators for the second block polymerization.[19]  
Then the substrates were exhaustively rinsed with water, ethanol and were dried in a 
stream of nitrogen.   
Also in this case, a quarter of each big samples was collected and was called “first 
polyNIPAM monolayer sample”.  
The "first PNIPAM monolayer samples" were immediately characterized by FT-IR, AFM, 
ellipsometry and contact angle. 
The rest of the first polyNIPAM monolayer chips were put into a flask and were purged 
with argon ready for the second polymerization, for the synthesis of the brush gel block. In 
addition, to get more information about the synthesis of the second polymeric block, two 
little SI-ATRP silicon oxide substrates were put in the same flask, thus to compare the 
activities of the ATRP sites on the surface of the initiated silicon oxide with the ATRP 
active tails of the grafted PNIPAM brushes from the study of polymeric thicknesses.  
As shown in table 4.8, the HEMA (5.00 mL, 41.2 mmol), the EGDMA (38.8 ȝL, 0.206 
mmol) and the Bpy (159.5 mg, 1.02 mmol) were weighted which were dissolved in water 
(5,00 mL, 228mmol) in a clean flask. 
Then the flask was sealed, stirred and degassed bubbling argon for 30 min. 
In the other flask, CuCl (37.3 mg, 0.377 mmol) and CuBr2 (9.4 mg, 0.0421 mmol) were 
weighted and then the flask was sealed and degassed with argon for 30 min.  
Table 4.8: composition of the polymerization solution to obtain the second block of poly(HEMA-co-
EGDMA0.5%mol) brushes on the top of polyNIPAM layer via ATRP. 
II Layer Methanol HEMA EGDMA Bpy CuCl  CuBr2 
Theorical 50% v/v 0.5%mol 
of HEMA 
≈2.7 times 
Cu(I) 0.090M ≈10.00% 
Amount  5 mL 5 mL 0.0388 mL 159.5 mg 37.3 mg 9.4 mg 
Ratio (mmol) 605 109 0.55 2.71 1 0.11 
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Afterwards, the monomer-ligand mixture was transferred into the catalyst flask using a 
purged syringe. The polymerization mixture was purged with argon and stirred for 30 min 
to facilitate the formation of brownish organometallic complex.  
The polymerization solution was transferred with a purged syringe into the flask containing 
the little SI-silicon oxide and the rest of the first polyNIPAM monolayer samples. 
After 20 min, the polymerization was arrested rinsing the samples extensively with 
ethanol.  
Water was not used to rinse the hydrogel gel brushes because the water caused the quickly 
gelification of the hydrogel poly(HEMA-co-EGDMA) onto the surface of the samples and 
in solution.[29]  
Finally the samples were dried in a stream of nitrogen. 
A quarter of the double polyNIPAM-b-poly(HEMA-co-EGDMA0.5% mol) block sample 
from each big samples and the single hydrogel layer sample obtained from the 
polymerization onto the little samples were collected.  
All the samples were immediately characterized with FT-IR, AFM, ellipsometry and 
contact angle.  
The quarters of the double block and the single hydrogel layer samples were stored in 
nitrogen box. 
The last quarter of the big chips, the double polyNIPAM-b-poly(HEMA-co-
EGDMA0.5%mol) block samples, were put in a flask with one poly(HEMA-co-
EGDMA0.5%mol) mono block sample and a SI-silicon oxide substrates. 
The flask was sealed and degassed with argon.  
Finally, the synthesis of the third polyNIPAM layer was carried out.  
As summarized in table 4.9, NIPAM (1765.3 mg, 15.6 mmol) and PMDETA (55.2 ȝL, 0.26 
mmol) was added into a flask containing the mixture solution of water-methanol at 75% 
v/v (respectively 5.3 mL and 1.7 mL) which was sealed, stirred and bubbled with argon for 
30 min. 
In another flask CuBr (10.3 mg, 0.072 mmol) and CuBr2 (1.5 mg, 0.00672 mmol) were 
added and the flask was sealed and purged with argon for 30 min.  
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Table 4.9: composition of the polymerization solution for the synthesis of the third block polyNIPAM 
brushes on the top of brush gel layer via ATRP. 
III Layer Water Methanol NIPAM PMDETA CuBr CuBr2 
Theorical 75% v/v 200 times Cu(I) 
≈3 times 
Cu(I) 0.011M ≈10.00% 
Amount  5.3 mL 1.7 mL 1991.6 mg 55.2 ȝL 10.3 mg 1.5 mg 
Ratio (mmol) 
  217 3.6 1 0.09 
 
 
The monomer-ligand solution was transferred into the catalyst flask using a purged syringe 
and stirred for 30 min to facilitate the formation of greenish organometallic complex. 
Then the polymerization solution was transferred with a purged syringe into the flask 
containing the samples.  
After 30 min, the samples were rinsed with Milli-Q water and ethanol, and finally the 
samples were dried in a stream of nitrogen.   
All the samples were immediately analysed with FT-IR, AFM, ellipsometry and contact 
angle. 
In conclusion the triple block, the double poly(HEMA-co-EGDMA0.5)-b-polyNIPAM 
block and the "single second polyNIPAM" samples were collected and stored in nitrogen 
box 
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5 Results and discussion  
Multiblock thermo-resposnive polyNIPAM-b-poly(HEMA-co-EGDMA0.5%mol)-b-
polyNIPAM copolymers grafted onto silicon oxide surfaces were prepared via SI-ATRP 
polymerization and characterized by several analytical techniques to determine their 
composition and physical and mechanical properties.  
In fact, the wettability of the modified surfaces were studied using contact angle, the 
thicknesses and their thermo-responsive properties were estimated through ellipsometric 
and AFM analyses. The compositions of polymer layers were determined by FT-IR and the 
topography and the mechanical surface properties were studied by AFM experiments.  
5.1 Study of ATRP polymerization parameters  
The aim of this part of the thesis, concerns the study of the ATRP parameters, to get more 
control over the SI-ATRP NIPAM polymerization onto silicon oxide surface. 
Therefore it was necessary to understand how the polarity of the solution, the relative 
amount of activator, deactivator and ligand affect the dynamic equilibrium of ATRP 
polymerization. As shown in scheme 5.1 the SI-ATRP polymerization of NIPAM grafted 
onto silicon oxide surface is characterized by different steps: A) the synthesis of the ATRP 
initiator (3-(chlorodimethylsilyl)propyl2-bromo-2-methylpropionate); B) the piranha 
cleaning step; C) the vapour deposition of the ATRP initiator onto silicon oxide substrates 
and D) the ATRP polymerization. In this part of the thesis, as explained in the chapter 4.3, 
the polymerization parameters were studied varying the global ratio of the reactants in the 
polymerization mixtures summarized in tables 4.4 and 4.5, and comparing the dry 
thicknesses of the synthesised polymeric layers. The silicon oxide samples were sliced into 
1.0 x 1.0 cm2 pieces using a diamond-tipped glass cutter, thus providing the silicon oxide 
chips. 
Results and discussion  57 
 
 
Scheme 5.1: schematic representation of the synthesis of polyNIPAM brushes grafted onto silicon oxide 
surfaces via SI-ATRP: A) synthesis of the 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate, 
ATRP initiator, B) cleaning step with piranha solution (H2SO4/H2O2 in ratio 3:1) of silicon samples, C) 
chemical vapour deposition and D) SI-ATRP polymerization of NIPAM at room temperature. 
 
The occurred modifications of the silicon oxide surfaces were verified by analysing the 
samples with FT-IR and contact angle.   
With the contact angles measurements obtained in sessile drop and in captive drop modes 
the variations of the hydrophilic-hydrophobic properties of the surfaces were investigated.  
In table 5.1 the contact angles are summarize using sessile drop and captive drop modes for 
the different samples.  
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Table 5. 1: contact angles measurements obtained in sessile and captive drop modes. 
 Clean Silicon 
oxide 
ATRP initiated 
Silicon oxide 
Grafted 
polyNIPAM 
block 
Degree Degree Degree 
Sessile 
drop 7 °±5 ° 81 °±2 ° 57 °±7 ° 
Captive 
drop 161 °±3 ° 105 °±5 ° 148 °±5 ° 
 
The changes of wettability of the surfaces were caused by the treatments of the silicon 
oxide surface; in fact, the contact angles measured in sessile drop mode after the piranha 
cleaning step resulted hardly hydrophilic, about 7 °, due to the formation of hydrophilic 
hydroxyl group on the substrate's surface. By contrast the surface became more 
hydrophobic reaching about 81 ° after the deposition of the 3-(chlorodimethylsilyl)propyl 
2-bromo-2-methylpropionate ATRP initiator, in good agreement with licterature values.[90]  
The functionalization of the silicon oxide surface occurred via vapour deposition of the 
ATRP initiator which reacted in a condensation reaction with silanol groups present onto 
the surface changing the wettability of the surface. Finally, after the NIPAM ATRP 
polymerization, the surface became more hydrophilic thanks to the presence of the amides 
groups in the polyNIPAM chains able to form H-bonding with the water drop with a 
contact angles of about 57 °. The wettability depends from the molecular weight of the 
polymer brushes because increasing the molecular weight of the polymer chains the 
contact angle increase.[43, 94]  
In conclusion, the contact angle technique using both modes can be used for the control of 
the effective modification of the surface after each synthetic steps of the thermo-responsive 
layer grafted onto silicon oxide substrates and these angles are in accord with literature 
values.[94-97] 
Using FT-IR the IR polyNIPAM's peaks were verified as shown in the figure 5.1.  
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Figure 5. 1: FT-IR spectra A) of the silicon oxide surface after vapour deposition of ATRP initiator and 
B) grafting of polyNIPAM brushes. 
 
In fact, in the FT-IR spectra the characteristic acrylamides peaks were observed and 
reported in table 4.5: at 2971 cm-1, the C-H stretching vibration, at 1650 cm-1, the 
stretching vibration of C=O in the amide groups and at 1380 cm-1 the -CH(CH3)2 vibration. 
The self-assemblies monolayer, SAM, of the initiator onto the silicon oxide surface cannot 
be detected because the layer is too thin, as shown in spectra A in figure 5.1.  
The kinetic of SI-ATRP polymerization of NIPAM was studied in terms of the dry 
thicknesses of the brushes grafted on the silicon oxide, by comparing the dry thicknesses of 
the polymeric layer obtained with the control polymerization recipe. 
In fact, as explained in the experimental chapter, the polyNIPAM brushes were synthesised 
changing the relative concentration of water in the polymerization solution, of the ligand, 
of the activator and of the deactivator. 
The SI-ATRP polymerizations of NIPAM were studied stopping the polymerization at two 
different times at 10 and 120 min in order to extrapolate from the first data the slopes of 
the kinetic curves and from the longer one the living character of the polymerization. 
The dry thicknesses of the samples were measured by ellipsometry using the single 
homogeneous layer model which was explained and shown in chapter 4. 
The polarity of the solvent mixture was the first ATRP parameter studied:  
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Figure 5.2: kinetic study of SI-ATRP polymerization of NIPAM onto silicon oxide chips with different 
ratio of water in water-methanol polymerization solution A) at 77.5% B) at 70% and C) at 50% v/v of 
water in water-methanol solvent mixture. The dry thicknesses of the synthesised polyNIPAM brushes 
grafted onto silicon oxide surfaces were measured by ellipsometry analysis. 
 
Table 5. 2: dry thicknesses of polyNIPAM layer grafted onto silicon oxide measured by ellipsometry 
analysis and obtained varying the relative amount of water in the polymerization solution. 
 
Time (min) 
15 
min  
20 
min 30 min  
40 
min 
45 
min 
60 
min 
120 
min 
180 
min 
SI-ATRP 
polymerizatio
n of NIPAM 
onto silicon 
oxide chips at 
77.5% water 
Hdry 
(nm) 255±10 - 264± 10 - 260±24 - - - 
SI-ATRP 
polymerizatio
n of NIPAM 
onto silicon 
oxide chips at 
70% water 
Hdry 
(nm) - - - - - 312±13 320±25 - 
SI-ATRP 
polymerizatio
n of NIPAM 
onto silicon 
oxide chips at 
50% water 
Hdry 
(nm) - 30 ± 5 - 42 ± 4 - 42 ± 5 38 ± 7 34 ± 4 
 
In fact comparing the three kinetics of the SI-ATRP polymerization of NIPAM grafted onto 
silicon oxide surfaces the dry thickness, as shown in table 5.2 and in figure 5.2, increasing 
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the polarity of the solvent due to the increase of the relative amount of water in the 
polymerization solution, the rate of SI-ATRP polymerization of NIPAM and the 
thicknesses of the layer increased. By contrast, the degree of control over polymerization 
decrease.  
As explained in the chapter 2, the concentration of the catalytic species greatly depends on 
the capacity of the solvent to solvate the different species. In fact, the first role of the water 
is to solubilise the monomer bearing hydrophilic or ionic groups to achieve better control 
of polymerization; however, many interaction can take place also between the solvent and 
the catalyst and the initiator, as shown in figure 5.3. The side reaction of hydrolysis of the 
CuII-halide complex greatly depends on the polarity of the solvent mixture. In fact, 
increasing the polarity of the solvent the equilibrium of the hydrolysis reaction of CuII-
halide complex changes, thus causing the decrease of deactivator concentration available 
during the NIPAM polymerization.[60] 
 
                           
Figure 5.3: side reactions occuring in polar or aqueous in ATRP polymerization[98] 
 
Thanks to its polarity, the water solvates Br- ions of the CuBr2 salt better than the other 
organic solvent, in our case methanol. Thus the halide anion dissociates significantly from 
the higher oxidation state metal complex which it is followed by coordination of water to 
CuII, decreasing the concentration of deactivator available during the ATRP.[98]  
On the other hand, the dry thicknesses obtained varying the other ATRP polymerization 
parameters were collected and shown in table 5.3 and in figure 5.4, respectively.  
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Figure 5.4: kinetic studies of SI-ATRP polymerization of NIPAM onto silicon oxide chips working with 
the control recipe (A), with the double concentration of ligand (B), with the double concentration of 
activator (C) and with double concentration of deactivator (D).  
 
Table 5. 3: dry thicknesses of the polyNIPAM layers grafted onto silicon oxide chips measured by 
ellipsomtry analysis. 
 
Time 
20 min 120 min 
NIPAM:CuBr:PMDETA:CuBr2  
191:1:4.8:0.1 
Hdry 
(nm) 13±1 31±1 
NIPAM:CuBr:PMDETA:CuBr2 
97:1:2.4.8:0.03 
Hdry 
(nm) 57±1 79±2 
NIPAM:CuBr:PMDETA:CuBr2 
191:1:9.8:0.1 
Hdry 
(nm) 79±2 57±5 
NIPAM:CuBr:PMDETA:CuBr2 
191:1:4.8:0.06 
Hdry 
(nm) 99±4 129±4 
 
As shown in table 5.3, comparing the dry thicknesses between the polyNIPAM brushes 
obtained with the control recipe and the recipe with the double amount of deactivator it can 
be found that the ATRP polymerization rate decrease dramatically as well as the thickness 
obtained after 2 hours of polymerization. In fact after 20 min the polyNIPAM layers 
measured 13% of the thicknesses obtained after the same polymerization time, using 
control recipe. Analogously after 2 hours the brushes grew only 24% with respect to the 
layers obtained with the control recipe.  
The reason of these effects is that increasing the relative amount of the metal complex in 
the higher oxidation state, the few radicals of the propagating chains react to reform the 
dormant species. Thus the reaction is slower as a consequence of the more control on the 
polymerization, and the length of the polyNIPAM chains is shorter.  
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With the double amount of ligand, 1:5 instead of 1:2.5, the polymerization rate and  the 
thicknesses of the thermo-responsive brushes changed slightly; in fact the differences of 
dry thicknesses were 12% after 20 min of polymerization and 15% after 2 hours.  
The ligand concentration dramatically affects the activation and the deactivation reaction 
of the dormant species. The primary role of the ligand is to solubilise the transition metal 
halide in the polymerization medium and to provide an appropriate activity and dynamics 
for the repetitive halogen-exchange reaction. The PMDETA ligand is a tridentate ligand 
which forms a neutral copper-ligand complex in the ratio 1:1 with copper.  So, the amount 
of ligand was however, in both the recipes, in excess and enough to obtain a good control 
on the SI-ATRP polymerization of NIPAM.[60] 
The thicknesses measured with working with "the double relative concentration of 
activator" were 58% and 85% after 20 min and 2 hours of polymerization, respectively.  
The increase of the activator concentration leads to larger polymeric thicknesses than that 
the layers obtained using the control recipe because of the decreasing of the relative 
concentration of the deactivator. On the other hand the polymerization solution become 
more dilute, in fact the relative concentration of the monomer was the half respect to the 
control recipe. 
In addition, the presence of residue metal catalyst in the products could limit biomedical 
applications of the prepared devices since metals are generally toxic and hazard 
materials.[40] 
 
5.2 Study on the reproducibility of the synthesis of polyNIPAM 
brushes of 50 nm onto SI-silicon oxide via ATRP and evaluation 
of the thermo-responsive properties of polyNIPAM brushes 
The previous investigation afforded a good method for the preparation of 50 nm of 
polyNIPAM layer grafted onto silicon oxide surface with a well-controlled thickness by 
using the recipe composed of NIPAM:CuBr:PMDETA:CuBr2 in global molar ratio of 
200:1:3:0.05 in water-methanol at 50% v/v. The reproducibility of the fabrication of well-
controlled polyNIPAM brushes grafted on silicon oxide via Si-ATRP polymerization and 
the thermo-responsive behaviour of the polymeric layer were studied. The reproducibility 
of the polyNIPAM thickness has been investigated for three independent process of 
synthesis and for each process of polyNIPAM film synthesis three samples for each 
polymerization time were used. 
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In this thesis, all the processes of synthesis of the polyNIPAM brushes are considered 
together since the vapour deposition of the ATRP initiator cannot be analysed with our 
techniques. In fact, with AFM, ellipsometry and FT-IR the monolayer of ATRP initiator 
deposited on the silicon substrate cannot be detected; only contact angle can be used to 
confirm the modification of the silicon oxide surface after the ATRP initiation step. 
Nevertheless, all the samples, after each step were immediately analysed to verify the 
effective modification of the silicon oxide surface using contact angle and FT-IR 
techniques.  
The presence of the three typical peaks at 3000, 1650 and 1380 cm-1 (of the -CH(CH3)2 
vibration, the stretching vibration of C=O in the amide groups and the C-H stretching 
vibration respectively) confirmed the success of the growth of the polyNIPAM brushes by 
ATRP polymerization.  
Also the changes of wettability of the silicon surfaces demonstrated the effective 
modification of the silicon oxide surfaces being the surface very hyrophilic after the 
cleaning step, then the surface became hydrophobic after the ATRP initiator deposition and 
more hydrophilic after the SI-ATRP polymerization of NIPAM.  
The dry thicknesses of the polyNIPAM layers grafted onto the silicon oxide were measured 
through ellipsometric analysis using the single layer model which is explained in chapter 4.  
Thus, as shown in figure 5.5, for each polymerization time the average of the thicknesses 
and their standard deviations were obtained. 
 
Figure 5.5: Reproducibility study of fabrication of 50nm polyNIPAM brushes grafted onto silicon 
oxide via ATRP polymerization. In this figure are reported: A) the first, B) the second and C) the third 
repetition of the synthesis of the thermo-responsive layer grafted onto silicon oxide via SI-ATRP.  Each 
repetition were independently prepared repeating all the step of synthesis: the preparation of silicon 
oxide chips, the piranha cleaning step, the deposition of the ATRP initiator ad the ATRP 
polymerization of NIPAM. 
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All the ellipsometric data are collected in table 5.4. 
 
Table 5. 4: dry thicknesses of polyNIPAM layer grafted onto silicon oxide obtained studying the 
reproducibility of the fabrication process of thermo-responsive layer grafted onto silicon oxide chips.   
 
Time (min) 
10 20 30 40 60 120 
A) first ATRP 
polymerization 
Hdry 
(nm) 52±5 59±2 - 68±1 69±2 77±3 
B) second ATRP 
polymerization 
Hdry 
(nm) 72±1 80±1 80±4 86±1 90±2 90±2 
C) third ATRP 
polymerization 
Hdry 
(nm) 7±1 26±4 - 28±1 36±5 43±2 
 
Then the averages of the dry thicknesses for each polymerization time were as calculated 
as well their standard deviation.  
 
Figure 5.6: reproducibility study of fabrication of 50 nm polyNIPAM brushes grafted onto silicon oxide 
via ATRP polymerization.  
 
Table 5.5: arithmetic mean of the dry thicknesses for each polymerization time of the three repetitions 
of the synthesis of the polyNIPAM brushes grafted onto surface-initiated silicon oxide chips. 
Ellipsometry 
ATRP polymerization of NIPAM 
Dry thickness 
nm 
10 min 43 ± 33 
20 min 55 ± 24 
40 min 61 ± 30 
60 min 65 ± 27 
120 min 70 ± 25 
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The data collected in figure 5.6 shown the film thickness increased rapidly at the beginning 
of the reaction but levelled off after 40 min reflecting a mechanism similar to conventional 
redox-initiated polymerizations. Between 0 and 40 min the curve profile could be assumed 
as linear demonstrating the typical living character of the ATRP polymerization. The 
presence of plateaus after 40min of polymerization, when the film thickness level off, 
indicates that the concentration of the propagating species decreases as the chains grows 
which due to the loss of active ATRP chain ends, terminal C-Br bonds, maybe through 
radical coupling and disproportionation reactions.[28]  
Therefore, the polymerization must be stopped before the 40 min to conserve the living 
character of the NIPAM SI-ATRP polymerization onto silicon oxide. 
In addition, the polymeric thickness (table 5.5) with the least standard deviation error was 
obtained stopping the polymerization after 20 min. 
Thus using the recipe composed of NIPAM: CuBr: PMDETA: CuBr2 in molar ratio 200: 1: 
3: 0.05 in the water-methanol at 50% v/v solution and stopping the growth of the thermo-
responsive polymeric chains at 20 min, polyNIPAM layers of 50 nm may be obtained with 
an error of about 24 nm. 
 
The thermo-responsive bahaviour of the polyNIPAM brushes were evaluated in terms of 
the variation of the polymer thickness in Milli-Q water with temperature by means of in-
situ ellipsometric analysis and lower critical solution temperature (LCST). 
As shown in figure 5.9, the Ψ (psi) and Δ (delta) had a marked change by varying the 
temperature of the solution in the cell between 25°C and 37°C.  
For the evaluation of the in-situ ellipsometric data, two limit cases were considered at 
temperature below and above the LCST. 
When the temperature was below the LCST the optical response of the swollen films can 
be modelled using a double layer model. A layer with a constant segment density is 
considered in the model called "dense layer" at the substrate side of the grafts. The optical 
properties can be adequately described using a Cauchy model (Eq 4.2). In addition, as 
explained in the chapter 4, we consider the film to be transparent and the A and B were 
fitted as a function of wavelength. In the model, a second graded layer, called "graded 
layer", was included on the top of this dense layer which was characterized by a marked 
gradient in the A Cauchy's parameter. This represent the decreasing segment density of the 
brushes due to the increase of the degree of dilution of the polyNIPAM brushes with more 
large distance from the substrate surface. The gradient in the optical density is described by 
an exponential decrease of the A Cauchy constant described  as A≈(d/d0)t; D is the distance 
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within the film and is normalized by the total thickness d0 while t is the fit parameter.[76] 
By contrast, when the temperature was above the LCST only as a single dense 
homogeneous layer described by the Cauchy equation (eq. 4.2) was considered. Therefore, 
the A and B Cauchy's parameters were fitted in function of the wavelength since the 
polymeric film was considered homogeneous and transparent. These models and the 
schematic representation of the polyNIPAM segment density are schematically outlined in 
figure 5.7.  
 
Figure 5.7: schematic representation of polyNIPAM density variation at temperatures below and above 
the LCST. At low temperature the film is modelled by a double layer composed of at the bottom a 
dense homogeneous layer and on the top a graded density layer. In the dense homogeneous layer the 
refractive index is constant and in the graded layer the refractive index is described by an exponential 
decrease as a function of distance. When the temperature is above the LCST the film is modelled by a 
single homogeneous dense layer characterised by a constant refractive index.[76] 
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Figures 5.8: ellipsometry spectra Psi and Delta (top and bottom panels respectively) measured in-situ 
on polyNIPAM grafts at 25° C,  27 °C, 31 °C, 33 °C and 37 °C. The solid lines are the experimental 
results, while the dotted points represent experimental results.  
 
In figure 5.8 were reported the experimental and the model Ψ and Δ data measured as a 
function of the wavelength at different temperatures. There is a good agreement between 
the measured and the simulated data demonstrating the accuracy of our models.  
Therefore the wet thicknesses of the polymeric layer were plotted with the temperature 
obtaining the figure 5.9.  
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The polyNIPAM brushes' LCST was evaluated studying at which temperature the 
conformational state of polyNIPAM brushes change from the brush-like to the mushroom-
like states which occurred in the range of 29-33 °C. This range of temperatures is in accord 
with the literature values.[41] However the polyNIPAM polymer brushes generally exhibit a 
broader LCST range than the polymer chains in solution.[58] The aggregation of the 
polyNIPAM chains is assumed to occur primarily by the formation of interchain H-
bonding between the dehydrated amide groups and the hydrophobic interaction between 
the dehydrated chains. On the other hand, the average distance between neighboring 
grafted chains obviously becomes less with increasing grafting density. Thus this result in 
an increase the interchains interactions facilitates the aggregation.[99] 
The thermo-responsive behaviour of polyNIPAM brushes in water solution is caused by 
the change of H-bonding between intermolecular and intramolecular bonding, as 
schematically shown in figure 5.10. 
In fact, when the temperature is higher than the LCST, intermolecular H-bonding between 
the PNIPAM chains and water formed; by contrast, when the temperature is above the 
LCST intramolecular H-bonding within polyNIPAM chains is preferred.[36] 
 
Figure 5.9: in-situ ellipsometric analysis to determine the lower critical solution temperature of 
PNIPAM brushes grafted onto silicon oxide. 
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Figure 5.10: conformational changes of polyNIPAM chains in water below and above the LCST.[43]  
 
Therefore, the polyNIPAM chains change the conformational state from the brush-like 
swollen state to mushroom-like collapsed state changing from a hydrophilic surface to a 
partially hydrophobic surface.  
In addition, the swollen polymeric volume fractions and the grafting densities were 
estimated from the ellipsometric data obtaining a swollen polyNIPAM volume fractions in 
the range between 0.27-0.32 and the grafting densities in the range between 0.14-0.19 
chains/nm2. 
Compared to the grafting density of typical 0.28-0.31 chains/nm2 for the polymer brushes 
grafted from the initiator monolayer by SAM method,[31] our method produces a polymer 
brush surface of higher grafting density.  
 
5.3 Synthesis of multiblock polyNIPAM-b-poly(HEMA-co-
EGDMA0.5)-b-polyNIPAM grafted onto silicon oxide via SI-
ATRP polymerization. 
 
The part of this work was devoted to the fabrication of thermo-responsive-hydrogel 
multilayer with a thickness of about 150 nm, being the sum of the 50 nm thickness of each 
polymeric layer, as summarised in scheme 5.2.  
The thermo-responsive-hydrogel multiblock is composed of:  
- the bottom layer of polyNIPAM brushes grafted onto the silicon oxide substrate, 
- the mid layer of poly(HEMA-co-EGDMA) brush gel with the function of adsorbing 
the aqueous solution,  
- and the top layer of polyNIPAM with the function to isolate the hydrogel from the 
environment with varying the temperature.  
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Scheme 5. 2: schematic representation of fabrication of the triple polyNIPAM-b-(HEMA-co-
EGDMA0.5%)-b-polyNIPAM layers grafted on silicon oxide substrates via SI-ATRP polymerizations. 
 
Firstly the conformational state of polyNIPAM brushes in the HEMA-EGDMA ATRP 
polymerization were studied due to the cononsolvency property of the polyNIPAM chains 
in alcoholic solution.[100] For this experiment polyNIPAM particles synthesised via RAFT 
Chapter 5  72 
 
in laboratory were used and the behaviour of the particles were considered the same of the 
behaviour of the brushes.  
Two different solutions of polyNIPAM particles were prepared: one a Milli-Q water and 
the other a mixture of HEMA dissolved in water at 50% v/v. In particular for each bottle, 
0.5 g of polyNIPAM were added in the solutions.  
At room temperature, at about 21 °C, the polyNIPAM particles have different behaviours: 
in Milli-Q water the polymers swelled and the solution became transparent; while in the 
HEMA-EGDMA polymerization aqueous solution the polyNIPAM particles remained 
collapsed as shown in picture 5.1 
 
 
Picture 5.1: testing the conformation at room temperature of  polyNIPAM particles in HEMA:water 
solution at 50% v/v (on the left) and in Milli-Q water (on the right). 
 
Then, both mixtures containing polyNIPAM particles were heated at a temperature above 
the polyNIPAM's LCST using hot water. Consequently the transparent solution of 
polyNIPAM in water became opaque because the polyNIPAM particles collapsed, while 
the dispersion of polyNIPAM particles in HEMA-water at 50% v/v solution did not 
change, as shown in the picture 5.2. 
 
Picture 5.2: testing the conformation at temperature above the LCST of PNIPAM particles in HEMA-
water solution at 50%vol (up) and in Milli-Q water (down). 
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The polyNIPAM particles in Milli-Q water collapsed by heating since the intermolecular 
H-bonding between water and the acrylamide groups became intramolecular H-bonding  
between the acrylamide groups of the chains.  
The reversibility of the transition process was also tested. In fact the solutions were cooled 
down and the temperature was under the polyNIPAM's LCST only of the polyNIPAM 
particles in water resulting in the conformational transition obtaining a transparent 
solution. The mixture of polyNIPAM particles in HEMA-water solution remaining in 
collapsed state as a dispersion.  
In conclusion, it was verified that during the ATRP polymerization of HEMA-EGDMA 
monomers  the polyNIPAM brushes grafted on the surface of the silicon oxide were in a 
collapsed state, so the polyNIPAM layer can act as a barrier from the unreacted ATRP sites 
still present. As a consequence the poly(HEMA-co-EDMA0.5%mol) brush gel can grow 
only from the ATRP active sites on the top of the PNIPAM brushes surface.  
 
Concerning the fabrication of the triple block copolymer brushes the compositions of the 
polymeric layers were analysed after each step of synthesis by means of contact angle and 
FT-IR investigations.  
Then the wet and dry thicknesses were measured by ellipsometry and AFM analysis in 
order to evaluate the swollen polymer volume fractions and the grafting densities. The 
thermo-responsive properties of the samples were monitored with AFM and ellipsometry 
as a function of the temperature variations and the study of the morphology and the 
mechanical properties of the surfaces were analysed by AFM.  
The characterization of thermo-responsive hydrogel onto silicon oxide via ATRP was 
analysed collecting samples for each polymerization step as shown in the scheme 3.5; thus, 
the evaluation of the progressive increment of the polymeric layers was possible 
comparing the polymer thicknesses for each step.  
In fact, as summarized in the scheme 5.3, “big” silicon oxide chips with the size of 2x2cm, 
engraved in four squares of 1x1cm, were prepared and will be used to follow the step 
process of the fabrication of the triple layer; in addition “little” chips of 1x1cm were 
prepared and will be used to compare the activity between the simple ATRP active sites on 
the silicon oxide surface from the still ATRP active tails after the quenching and 
reinitiating step.  
For the big samples the deposition of the ATRP initiator could be assumed as homogeneous 
for all the surface of the sample. As a consequence of this approximation the thicknesses 
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could be compared the for all the steps.  
 
Scheme 5.3: schematic representation of multiblock synthesis process. The substrates were prepared as 
the "big silicon oxide chips" and the "small silicon oxide chips" with a size of 2x2 cm and 1x1 cm, 
respectively. From the SI-ATRP big silicon oxide chips A) the mono polyNIPAM block, B) the double 
polyNIPAM-b-poly(HEMA-co-EGDMA) block and C) the triple polyNIPAM-b-poly(HEMA-co-
EGDMA)-b-polyNIPAM block were prepared. By contrast, I) the polyNIPAM monolayer, II) the 
poly(HEMA-co-EGDMA) monolayer and III) the second polyNIPAM monolayer were prepared from 
the SI-ATRP small silicon oxide chips. 
 
The protocols utilized for each layer were summarized in scheme 5.2 and in table 5.6.  
 
Table 5.6: recipes used for the fabrication of thermo-responsive-hydrogel multilayer via SI-ATRP 
polymerizations. The ideal theorical ratio, the amount and the experimental ratio  for each reactants 
are summarized in table.   
I Layer Water Methanol NIMAP PMDETA CuBr CuBr2 
Theorical ratio 
50% v/v ≈200 times Cu(I) ≈3 times Cu(I) 0.011 M ≈5.00% 
Amount  8.0 mL 8.0 mL 4007.3 mg 0.11 mL  25.5 mg 2.2 mg 
Ratio (mmol) 
  199 3 1 0.06 
Quenching Water CuBr2 PMDETA 
Theorical ratio 
 0.05 M 0.1 M 
Amount  10 mL 111.9 mg 209 μL 
II Layer Methanol HEMA EGDMA Bipy CuCl  CuBr2 
Theorical ratio 
50%v/v 0.5% mol of HEMA 
≈2.7 times 
Cu(I) 0.090 M ≈10.00% 
Amount  5 mL 5 mL 0.0388 mL 159.5 mg 37.3 mg 9.4 mg 
Ratio (mmol) 
 109 0.55 2.71 1 0.11 
III Layer Water Methanol NIPAM PMDETA CuBr CuBr2 
Theorical ratio 
75% v/v 200 times Cu(I) ≈3 times Cu(I) 0.011 M ≈10.00%  
Amount  5.3 mL 1.7 mL 1991.6 mg 55.2 μL 10.3 mg 1.5 mg 
Ratio (mmol)   217 3.6 1 0.09 
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Each surface modifications of the silicon oxide surfaces were analysed by FT-IR and 
contact angle as shown in figures 5.11 and 5.12 and in table 5.7. 
 
Figure 5.11: FT-IR spectra of A) polyNIPAM brushes, B) poly(HEMA-EGDMA) gel brushes, C) SI-
ATRP initiated silicon oxide, D) single poly(NIPAM) block, E) double polyNIPAM-b-poly(HEMA-co-
EGDMA) block and F) triple polyNIPAM-b-poly(HEMA-co-EGDMA)-b-polyNIPAM block. 
 
As explained before, the layer of ATRP initiator immobilized onto the silicon oxide 
substrate cannot be detected because it is too thin.  
Focusing on the IR fingerprint region of 2000-800 cm-1 figure 5.12 the stretching vibration 
of C=O in the amide groups and in the ester groups were easily recognized. 
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Figure 5.12: Magnification of the FT-IR spectra of A) SI-ATRP initiated silicon oxide, B) single 
polyNIPAM block grafted onto substrate, C) double polyNIPAM-b-poly(HEMA-co-EGDMA) block 
and D) triple polyNIPAM-b-poly(HEMA-co-EGDMA)-b-polyNIPAM block. 
 
The specific peaks for each polymer were easily recognized and distinguishable in this 
range of wavenumbers; in fact, in figure 5.12B  the C=O stretching of amide yields a 
strong band at 1650 and 1550 cm-1 characteristic of polyNIPAM. In figure 5.12C the strong 
peak at 1750 cm-1 is assigned to the C=O stretching of ester of the poly(HEMA-
EDMA0.5). Concerning the triple layer comparing the 5.12B and 5.12D the increase of 
intensity of the amide peak at 1650 cm-1 proves the increase of content of polyNIPAM in 
the polymeric layer grafted onto silicon oxide chips.  
 
The effective modification on the top of the surface was also verified after each step of 
polymerization by contact angle analysis.  
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Table 5. 7: mean contact angle values obtained in sessile drop mode for each fabrication step. 
Se
ss
ile
 d
ro
p ATRP initiated 
Silicon oxide 
Grafted 
polyNIPAM 
block 
Grafted 
polyNIPAM-b-
poly(HEMA-
EGDMA) 
blocks 
Grafted 
polyNIPAM-b-
poly(HEMA-
EGDMA)-b-
polyNIPAM 
blocks 
Degree Degree Degree Degree 
80°±3° 55°±7° 63°±5° 56°±5° 
The wettability of the polyNIPAM brushes grafted onto the silicon surface was higher than 
the ATRP initiated silicon oxide; in fact, the contact angles changed from the hydrophobic 
ATRP surface-initiated samples to the more hydrophilic polyNIPAM layer due to the H-
bonding between the amide groups of the polymeric chains and the water molecules. 
When on the top of polyNIPAM layer the poly(HEMA-co-EGDMA) gel brushes were 
grown, the wettability changed becoming more hydrophobic raising about 63°, after the 
last polymerization of NIPAM, the surface become more hydrophilic. 
These contact angle values strictly depend on the roughness of the samples, so the standard 
deviation of the results increased and is significant. 
 
The dry and wet thicknesses of the polymeric blocks grafted onto silicon substrates and the 
thermo-responsive behaviour were analysed thanks to ellipsometry and AFM techniques.  
As shown in the appendix figure A.2, the SAM of ATRP initiator onto silicon oxide 
substrate cannot be detected through the ellipsometry and AFM analysis  because the layer 
of ATRP initiator is too thin. 
Concerning the ellipsometry, the dry thicknesses of all the sample were analysed utilizing 
the single homogeneous Cauchy layer model reported in chapter 4.1.2.2 since all the 
different layers were considered as an unique homogenous polymeric layer grafted onto the 
silicon oxide surface. 
By contrast, the model used for the determination of swollen wet thicknesses at 25 °C and 
35 °C was the single layer Cauchy model reported in chapter 4.1.2.2 characterized by a 
gradient density in A Cauchy's parameter which exponentially decreases (A≈(d/d0)t), as 
shown in figure 5.8.   
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Table 5. 8: Dry and wet thicknesses measured using ellipsometry and the standard deviation for each 
measurement was obtained analysing three spots of the surfaces. 
Ellipsometric data 
Dry 
thickness 
(nm) 
Wet 
thickness 
at 
25°C (nm) 
Wet 
thickness 
at 35°C 
(nm) 
Single I PNIPAM 6±2 14±3 8±1 
Single P(HEMA-EDMA) 44±2 59±4 66±2 
Double PNIPAM-b-P(HEMA-EDMA) block 51±1 87±4 53±4 
Single III PNIPAM 75±2 249±2 97±3 
Double P(HEMA-EDMA)-b- PNIPAM block 149±4 249±5 198±5 
Triple 
PNIPAM-b-P(HEMA-EDMA)-b-PNIPAM block 84±4 248±5 102±3 
 
Moreover, the thickness of the samples were also analysed by AFM; as explained in 
chapter 4, the samples were scratched and the differences between the top of the polymeric 
layer and the bottom of the silicon oxide surface were measured in tapping mode. For each 
sample the thicknesses were measured in three spots and the temperatures were controlled 
using an external thermocouple. All the cross sections showing the step-height of polymer 
films grafted are shown in appendix tables A.3 and A.4; the thicknesses measured with 
AFM in tapping mode and the standard deviation are summarized in table 5.9.  
 
Table 5. 9: dry and wet thicknesses with tapping mode AFM scratching the surfaces and the standard 
deviation for each measurement was obtained analysing three spots of the surfaces. 
AFM data 
Dry 
thickness 
(nm) 
Wet 
thickness 
at 
25°C (nm) 
Wet 
thickness 
at 35°C 
(nm) 
Single I PNIPAM 10±2 15±4 11±2 
Single P(HEMA-EDMA) 25±3 33±3 34±4 
Double PNIPAM-b-P(HEMA-EDMA) block 63±3 96±7 65±10 
Single III PNIPAM 103±12 279±22 125±10 
Double P(HEMA-EDMA)-b- PNIPAM block 180±8 286±9 240±7 
Triple 
PNIPAM-b-P(HEMA-EDMA)-b-PNIPAM block 90±7 194±12 129±8 
 
As summarized in scheme 5.3, the synthesis of the multilayer sample was carried out on 
two different kind of samples: big silicon oxide chips of size 2 x 2 cm and small silicon 
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oxide chips of size 1 x 1 cm. The small samples were used to obtain the polymeric 
monolayer grafted directly onto the surface-initiated ATRP silicon oxide, while the big 
chips were used to study the growth of each polymeric layer after each polymerization 
step.  
 
All the characterization performed on each polymerization step allowed to propose the 
following discussion about each ATRP polymerization reporting the thicknesses measured 
by ellipsometry and AFM techniques.  
The ATRP of NIPAM was carried out for 20 min onto the big and small SI-ATRP silicon 
oxide chips using the recipe composed of NIPAM:CuBr:PMDETA:CuBr2 in molar ratio 
200:1:3:0.05, as described in table 5.6, and the ATRP polymerization was stopped using the 
quenching solution.  
 
Figure 5.13: schematic representation of the dry polymeric layer thicknesses obtained from the fist 
ATRP polymerization of NIPAM. The thicknesses were measured by ellipsometry and AFM 
techniques, respectively.  
 
The thickness of the resulted polyNIPAM layer was evaluated 6 and 10 nm by ellipsometry 
and AFM, respectively. This thermo-responsive layer is very thin compared with the 
polyNIPAM layer using the same recipe and studied in the previous chapter. The reason of 
this dramatically change was tentatively addressed to the residual reactants' impurities 
which deactivate the process, even if further experiments must be carried out to clear up 
the phenomenon.  
 
The aqueous SI-ATRP synthesis of poly(HEMA-co-EGDMA0.5%) brush gel blocks from 
silicon oxide surface were then obtained onto the polyNIPAM brushes grafted at the 
substrate and directly onto the SI-ATRP silicon oxide little chips.  
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Figure 5.14: schematic representation of the dry thicknesses of the polymeric layer obtained using the 
SI-ATRP polymerization of HEMA-EGDMA comonomers from A) mono polyNIPAM layer grafted 
sample and from B) the SI-ATRP little silicon oxide chip. The reported thicknesses were measured by 
ellipsometry and AFM techniques.  
As summarized in figure 5.14 the SI-ATRP polymerization of HEMA-EGDMA produced 
from the only surface-initiated substrate a brush gel with thickness 44 and 25 nm measured 
by ellipsometry and AFM, respectively. 
The poly(HEMA-co-EGDMA0.5) brush gel grew on the top of the polyNIPAM layer 
grafted on the silicon oxide substrate raising a thickness from 51 to 63 nm. Therefore 
considering that the thickness of the polyNIPAM monolayer is homogeneous onto the 
surface of big silicon oxide chip in the double layer the hydrogel grew of 45-55 nm. 
The efficiency of the quenching process of the active ATRP sites of the polyNIPAM 
brushes can be evaluated comparing the thicknesses of single hydrogel layer and the 
double block layer. In fact comparing the thickness 25-40 nm of poly(HEMA-co-
EGDMA0.5) grown directly from the SI-ATRP silicon oxide chip and that of 50-60 nm 
from quenched 6-10 nm thick polyNIPAM brushes the thickness values of the added 
polymeric layer are in very good agreement. 
The quenching step of the active ATRP acrylamide chain ends resulted necessary to shift 
the equilibrium to inert dormant chains during the collection of the samples and to avoid 
the recombination of the very close growing chain ends. In other words, especially for the 
preparation of polyNIPAM-b-poly(HEMA-co-EGDMA) copolymer blocks, the quenching 
step is fundamental.[ma011736] 
 
Finally, the last aqueous ATRP of NIPAM was carried out onto different substrates using a 
recipe composed of NIPAM:CuBr:PMDETA:CuBr2 in global molar ratio of 200:1:3:0.05 
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in water/methanol mixture at 75% v/v of water: the double polyNIPAM-b-poly(HEMA-co-
EGDMA) block, the single poly(HEMA-co-EGDMA) block and the SI-ATRP silicon 
oxide substrate. 
  
 
Figure 5.15: schematic representation of the dry thickness of the polymeric layers obtained from the 
second SI-ATRP polymerization of NIPAM from a) the double polyNIPAM-b-poly(HEMA-co-
EGDMA0.5) layer, b) the single poly(HEMA-co-EGDMA0.5) layer and c) SI-ATRP silicon oxide 
sample. All the thicknesses were measured by ellipsometry and AFM techniques. 
 
The polyNIPAM monolayer thickness obtained directly onto the SI-ATRP initiated silicon 
oxide substrates was 75 nm and 103 nm measured respectively with ellipsometry and 
AFM. As shown in chapter 5.1 and summarized in figure 5.15, increasing the relative 
amount of water in the polymerization solution, the polarity variation affects the ATRP 
equilibrium of the catalyst species. In fact, in the first NIPAM SI-ATRP of the synthesis of 
the multiblock the water/methanol ratio is 1:1 while in the synthesis of the third layer the 
ratio between water/methanol is 3:1 which caused the increase of the polymerization ratio 
and the increase of the polymeric thickness growth. On the other hand, the increase of the 
polarity caused the loss of the control of the ATRP polymerization due to the loss of the 
active ATRP chain ends for radical coupling and disproportionation reactions.  
 
The thermo-responsive layer on the single poly(HEMA-co-EGDMA0.5) block grew of 
100-140 nm, in fact the single hydrogel layer's thickness was 25-40 nm. So the dry 
thicknesses of the double  poly(HEMA-co-EGDMA0.5)-b-polyNIPAM blocks were 140 
and 180 nm measured respectively by ellipsometry and AFM. The thickness of the 
polyNIPAM layer grafted onto the SI-ATRP silicon oxide surface is less about 25% than 
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the thickness of the polyNIPAM layer grafted onto the monolayer of hydrogel. The reason 
of this effect is the presence at the active ATRP chain ends of the more active chloride 
respect to the bromide because the ATRP initiator was bromide-based while during the 
polymerization of HEMA-EGDMA the exchange of halide occurred.  
 
On the other hand the thicknesses of the triple polyNIPAM-b-poly(HEMA-co-
EGDMA0.5)-b-polyNIPAM block layer measured with ellipsometry and AFM are 84 nm 
and 90 nm, respectively. The third polyNIPAM layer grew of 30 nm  from the top of the 
second block of hydrogel.  
In this case the thicknesses of the triple layer is very similar with the thicknesses of the 
monolayer about 100 nm. In contrast the thickness of the polyNIPAM of the triple layer, 30 
nm, is very thin, with, respect to the thickness of the polyNIPAM of the double 
poly(HEMA-co-EGDMA0.5)-b-polyNIPAM layer, 100-140 nm; maybe this difference 
could be due to the different density of the active ATRP chain ends. In fact, the ATRP 
equilibrium was shifted in favour of the active state when the grafting density is high. In 
other words reducing the grafting density of the surface the number of active ATRP sites 
significantly decreases as well as the probability that the chain ends would be in their 
active states.[101]  
The decrease of the grafting density was due to the previous process steps of 
polymerization and quenching of the chains.   
In conclusion all the thicknesses of the samples obtained with these ellipsometry and AFM 
techniques are comparable with a good agreement demonstrating the accuracy of the 
adopted ellipsometric models as shown in table 5.10.  
 
Table 5. 10: comparing the dry and the wet thicknesses for multiblock samples measured by 
ellipsometry and tapping mode AFM. 
 
Dry 
thickness 
Wet 
thickness 
25°C 
Wet 
thickness at 
35°C 
nm nm nm 
Single I PNIPAM 
Ellip. 6 14 8 
AFM 10 15 11 
Single P(HEMA-EDMA) 
Ellip. 44 59 66 
AFM 25 33 34 
Double PNIPAM-b-
P(HEMA-EDMA) block 
Ellip. 51 87 53 
AFM 63 96 65 
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Single III PNIPAM 
Ellip. 75 249 97 
AFM 103 279 125 
Double P(HEMA-EDMA)-b- 
PNIPAM block 
Ellip. 149 249 198 
AFM 180 286 240 
Triple 
PNIPAM-b-P(HEMA-
EDMA)-b-PNIPAM block 
Ellip. 84 248 102 
AFM 90 194 129 
 
The difference between thicknesses measured by ellipsometry and AFM may be due to a 
combination of effects: the first may reside on the differences in the topographic nature of 
the polymeric films and the silicon substrates; the second may be addressed to the polar 
nature of polymer chains that stick to the AFM tip thus damping the amplitude of the tip 
oscillation. [21,102] 
 
The swollen volume fractions were estimated to know information about the capacity of 
the polymer layer to swell and the grafting densities. The thermo-responsive behaviour of 
the samples were evaluated calculating the percentage of shrinkage between the collapsed 
thickness at 35 °C and the swollen thickness at 25 °C. All the data are summarized in table 
5.11 and in the appendix were reported in table the representative cross sections as a 
function of the temperature and the environment. 
 
Table 5.11: Swollen polymer volume fractions, grafting densities (the equations used are eq. 4.6 and 
4.7) and shrinkage ratios of the multiblock samples. 
 
Swollen 
polymer 
volume 
fraction 
Grafting density Shrinkage 
 Chains/nm2 % 
Single I polyNIPAM 
Ellip. 0.429 0.293 Reduction at 57% 
AFM 0.667 0.569 Reduction at 73% 
Single poly(HEMA-co-
EDMA) 
Ellip. 0.746 0.673 Increment at 112% 
AFM 0.758 0.689 Increment at 103% 
Double polyNIPAM-b-
poly(HEMA-co-EDMA) 
block 
Ellip. 0.586 0.469 Reduction at 60% 
AFM 0.656 0.556 Reduction at 68% 
Single III polyNIPAM 
Ellip. 0.301 0.173 Reduction at 39% 
AFM 0.369 0.234 Reduction at 45% 
Double poly(HEMA-co- Ellip. 0.598 0.484 Reduction at 79% 
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EDMA)-b- polyNIPAM 
block AFM 0.629 0.522 Reduction at 84% 
Triple 
polyNIPAM-b-poly(HEMA-
co-EDMA)-b-polyNIPAM 
block 
Ellip. 0.339 0.206 Reduction at 41% 
AFM 0.464 0.330 Reduction at 66% 
 
Firstly, all the samples in water swelled.  
However the swollen polyNIPAM volume fractions are generally less than the swollen 
poly(HEMA-co-EGDMA) because in the polyNIPAM brushes the H-bonding increase the 
stretching of the polyNIPAM brushes while in the hydrogel the presence of crosslinks 
caused the rigidity of  the hydrogel thus limiting the effect of swelling. The crosslinked 
polymer hydrogels swell but not dissolve when water enters in. The degree of swelling 
depends on many factors such as network density, solvent nature, polymer-solvent 
interaction. The amount of adsorbed water depends on the hydrophilicity of the hydrogel 
chains. The diffusion of solute, the surface properties, the optics properties and the 
mechanical properties of hydrogels depend dramatically from the swelling degree.   
The grafting densities were in the range between 0.2 and 0.4 chains/nm2 for the 
polyNIPAM brushes while for poly(HEMA-co-EGDMA) brush gels the grafting density 
was about 0.68 chains/nm2.  The grafting densities of the double layer samples were 
estimated at about 0.5 chains/nm2 while for the triple layer the grafting density was 
estimated in the range 0.2 and 0.33 chains/nm2. These values of grafting density are typical 
for the high density brushes. The polymer chains are crowded and forced to stretch away 
from the surface or interface to avoid overlapping, sometimes much farther than the typical 
unstretched size of a chain, thereby lowering the monomer concentration in the layer and 
increasing the layer thickness. The grafting density strongly affected the swell ability of the 
polyNIPAM layer and the thermo-responsive properties. At high grafting densities the 
swelling ratio decrease which may have direct implication in flow control applications.  
In addition some recent studies report that the thermo-responsive properties of the 
polyNIPAM chains depended from the grafting density; in fact increasing the grafting 
density of the polymeric chains the transition of structure was more gradual over a broader 
temperature range.[45] An increase of grafting density will decrease the rate of the brush 
response because the response of the brush is associated with conformational changes of 
grafted chains via segmental diffusion. For high grafting densities the response will be 
slow due to the very high local viscosity of the brush.[17] 
The shrinkage is a measurement of the thermo-responsive property of the brushes and it 
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was obtained as percentage ratio between the wet thicknesses measured at temperatures 
below and above the LCST for each sample.  
As shown in table 5.11, all the samples composed of polyNIPAM layer are characterised 
by a thermo-responsive behaviour. In fact the thicknesses of these samples decrease when 
the temperature get over the LCST due to the transition of the conformational state from 
the brush-like to mushroom-like conformation states.  
In contrast, increasing the temperature of the solution the wet thickness of the mono 
hydrogel layer increased about 10% its volume.  
Concerning the multiblock the thermo-responsive behaviour of the polyNIPAM is 
preserved  independently from the architecture of the multiblocks. In other words, the 
polyNIPAM is able to collapse when it is in the middle of two rigid layer (the silicon oxide 
surface and the hydrogel in the double polyNIPAM-b-poly(HEMA-co-EDMA) block) or as 
a single polyNIPAM layer synthesised onto the hydrogel layer. Therefore the swelling and 
the thermo-responsive properties of the polyNIPAM are preserved independently from the 
architecture of the blocks. 
 
The topographical images and the mechanical properties of the surfaces were analysed 
through tapping mode AFM analysis in dry and wet environment at 25 °C and 40 °C (Table 
5.12).  
The surface nano-morphology showed important differences comparing the film after each 
step of synthesis because from all the AFM images can be observed globular polymer 
aggregates, the white spots, present on the brush surface.[97] 
The root mean square (RSM) roughness value was derived from the corresponding 
micrograph using a scan area of 1x1 µm2 and it was used to quantify the roughness of the 
polymer surface. 
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Table 5.12: topography images by tapping mode AFM in Milli-Q water at different temperature of the 
multiblock samples. 
AFM 
Images 
Wet images at 
25°C 
Wet images  at 40°C 
 
Single I 
PNIPAM 
 
 
Double 
PNIPAM-b-
P(HEMA-
EDMA) block 
 
 
Triple 
PNIPAM-b-
P(HEMA-
EDMA)-b-
PNIPAM 
block 
 
 
 
From the AFM images a significant increase of the roughness were observed after the 
synthesis of the triple block; in fact, the measured RSM in water at 25 °C for the first 
polyNIPAM layer was found to be 2.8 nm. This RMS for the double polyNIPAM-b-
poly(HEMA-co-EGDMA) block was measured to be 2.7 nm, suggesting the system to be 
stable. For the triple polyNIPAM-b-poly(HEMA-co-EGDMA)-b-polyNIPAM the RMS 
increased significantly to 6 nm.  
In addition, above the LCST the polyNIPAM brushes collapsed due to the breaking of the 
hydrogen bonds with the amide groups of polyNIPAM. A large number of domain 
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structures were visible obtaining a smoother films, thus yielding high RSM values for all 
the samples.[65,68,72,82-85,103] This phenomenon is due to the fact that the roughness suffers 
the transition of the conformational state of the brushes when the polyNIPAM block is on 
the top of the surface. In fact the single and the triple layer reaching 4 and 5.6 nm of 
roughness, respectively. By contrast when the polyNIPAM is below the hydrogel layer the 
roughness increased since the bottom thermo-responsive layer collapsed dragged the rigid 
poly(HEMA-co-EGDMA) layer reaching RSM value of 10 nm. The RSM suggest that the 
features become sharper. 
In addition to the RSM roughness, the surface nano-morphology showed important 
differences comparing the film surface after each step of synthesis.[45] From all the AFM 
images polymer aggregates can be actually observed as white spots present on the brush 
surface. 
 
The mechanical properties were studied through indentation AFM measurements in Milli-
Q water at 25 °C and 40 °C using a colloidal probe with a radius of 8 µm and a spring 
constant of the cantilever of 0.9 N/m.  
The data results obtained from the measured mono block, double block and triple block are 
reported in figure 5.16. 
 
Figure 5.16: AFM indentation experiments of the multiblock samples in Milli-Q water at 25 and 40 °C. 
AFM cantilever approach force vs extension curves in Milli-Q water of mono polyNIPAM layer at 25 
°C and at 40 °C (the red filled and open symbols, respectively), of double polyNIPAM-b-poly(HEMA-
co-EGDMA0.5) layer at 25 and at 40 °C (the green filled and open symbols, respectively) and of triple 
polyNIPAM-b-poly(HEMA-co-EGDMA0.5)-b-polyNIPAM  layer at 25  °C (the black filled symbols) 
and at 40 °C (the black open symbols). 
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The Young's modulus was used to explain in a quantitative way the different slope of the 
curves when the temperature was changed. The values of Young's modulus of the polymer 
grafts were estimated on the basis of Hertz model as explained in the chapter 4 and the 
results are summarised in table 5.13. 
Table 5. 4: the arithmetic mean value of the Young's modulus of the samples in water at 25 and 40 °C. 
The single I polyNIPAM, the single poly(HEMA-co-EGDMA0.5) and the single II polyNIPAM are the 
monolayer obtained respectively by the first SI-ATRP polymerization of NIPAM in water/methanol 
1:1, the SI-ATRP polymerization of HEMA-co-EGDMA and the second SI-ATRP polymerization of 
NIPAM in water/ethanol 3:1. 
Indentation AFM Data Temperature Young's Modulus 
°C kPa 
Single I polyNIPAM 
25°C 39 ± 11 
40°C 84 ± 32 
Single poly(HEMA-co-EGDMA0.5) 25°C 714 ± 204 
40°C 408 ± 202 
Single II polyNIPAM 
 
25°C 79 ± 11 
40°C 285 ± 72 
Double layer polyNIPAM-b-
poly(HEMA-co-EGDMA) 
25°C 22± 8 
40°C 51 ± 15 
Triple layer 
polyNIPAM-b-poly(HEMA-co-
EGDMA)-b-polyNIPAM 
25°C 63 ± 17 
40°C 300 ± 29 
 
The poly(HEMA-co-EDMA0.5) brush-gel is harder than the polyNIPAM brushes since the 
rigid network cannot swelled completely, whereas the polyNIPAM brushes could be 
completely expanded. As a consequence, the Young's modulus at 25 °C of the 
poly(HEMA-co-EGDMA) layer was around seven hundred kPa while for the polyNIPAM 
layer the Young's modulus is between 40-80 kPa.  
The mean value of the Young's modulus in water change dramatically for the double 
polyNIPAM-b-poly(HEMA-co-EGDMA) block respect to the single layer of poly(HEMA-
co-EGDMA) due to the presence of the deformable polyNIPAM layer. Therefore, as soon 
as the colloidal particle attached to the tip interacts with the stiff top hydrogel layer, the 
soft swollen polyNIPAM layer deformed at the bottom. In fact the Young's values of the 
double block and of the single polyNIPAM block are comparable also if the top layer of 
the multiblock was the harder brush-gel layer: the Young's modulus of the double block at 
Results and discussion  89 
 
room temperature is 22±8 kPa and at 40 °C corresponds to 51±15 kPa. 
In addition, increasing the temperature, the polyNIPAM chains collapsed in the double 
block sample and the Young's modulus increased accordingly 84±32 kPa at 40 °C . Also, 
this value is very close to the Young's modulus measured for the single layer of 
polyNIPAM obtained from the first polymerization.  
In addition a notable similarity between single polyNIPAM layer obtained from the third 
polymerization and the triple block copolymers was observed comparing the Young's 
modules measured at 25 °C and 40 °C; in fact, the mean value of the Young's modulus of 
the single layer and triple layer samples in water at room temperature are 39±11 kPa and 
63±17 kPa respectively, while at 40 °C the Young's modulus are 285±72 kPa and 300±29 
kPa. However, the thickness of the single layer of the polyNIPAM block influenced the 
Young's modulus value; in fact, they were similar but not the same. The single polyNIPAM 
obtained from the first NIPAM ATRP polymerization has mean value of 39±11 kPa, while 
the single polyNIPAM obtained from the second NIPAM ATRP polymerization has a mean 
value of 79±11 kPa. Most probably, this difference is due to the different thicknesses 
between the thermo-responsive polymer. 
At 40 °C, the temperature was above the polyNIPAM's LCST and the polymer chains 
collapsed. 
When the temperature increase at 40 °C, over the polyNIPAM's LCST, the Young's 
modulus of single and triple block samples are  84±32 kPa and 300±29 kPa, respectively. 
 
In conclusion, the triple layer has mechanical properties completely different respect to the 
monolayer of polyNIPAM. This effect is proved by the difference of deformation due to 
the presence of the rigid structure of the hydrogel in the middle layer which modifies the 
mechanical properties of the material.  
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6 Conclusion  
 
The dynamic equilibrium of surface-initiated atom transfer radical polymerization (SI-
ATRP) polymerization of N-isopropyl acrylamide (NIPAM) onto silicon oxide surfaces 
was studied using the contact angle, FT-IR and ellipsometry techniques. The polyNIPAM 
grafts were prepared depositing of 3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropionate onto the silicon oxide substrate via chemical vapour deposition. The SI-
ATRP of NIPAM was carried out using different recipes composed of the CuBr as 
activator, CuBr2 as deactivator and PMDETA as ligand. The main polymerization 
parameters were studied resulting that the polarity of the polymerization solvent is critical 
for the polymerization rate and the thickness because increasing the water amount in 
polymerization solution the polymerization rate increase while the degree of control on the 
living character of ATRP decrease. Working in excess of ligand allowed to get more control 
on the ATRP polymerization and the amount of deactivator influences the activity of the 
catalyst system. Therefore managing the ATRP polymerization parameters we were able to 
control the ATRP equilibrium and to predict the polymeric thicknesses of the polyNIPAM 
brushes grafted onto surface-initiated silicon oxide surfaces at room temperature.   
The reproducibility of 50 nm of polyNIPAM layer grafted onto surface-initiated silicon 
oxide surface was studied. Without any technique able to analyse the monolayer of ATRP 
initiator, all the steps (cleaning, vapour deposition of initiator and polymerization) were 
considered together in the study of the reproducibility. In such conditions the best 
compromise between the polymeric thickness and the living character of the SI-ATRP 
polymerization was obtained at 20 min of polymerization. In-situ ellipsometry was used to 
determine the LCST of the 50 nm of polyNIPAM grafted onto the silicon oxide obtained 
via SI-ATRP polymerization in the range of 29-33°C. 
We also developed a route for the successful synthesis of multiblock polyNIPAM-b-
poly(HEMA-co-EGDMA)-b-polyNIPAM copolymers grafted onto silicon oxide surfaces 
via chemical vapour deposition of a surface the 3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropionate initiator followed by the surface-initiated ATRP polymerizations at room 
temperature. 
The quenching step with CuBr2/PMDETA was critical for the preservation of the active 
ATRP polyNIPAM chain ends of the growing polymer brushes, while for the poly(HEMA-
co-EGDMA) the rinsing step with ethanol was enough.  
The cononsolvency effect on the swelling poly(N-isopropylacrylamide) was reported in 
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water/hydroxyethylmethacrylate at 50% v/v mixture. 
The swelling and the thermo-responsive properties were preserved in all the multiblock 
samples confirmed by ellipsometry and AFM analysis. 
The mechanical properties between the tripleblock and the single block changed 
dramatically due to the presence of the rigid middle layer of hydrogel hindered the top 
polyNIPAM layer. 
In summary, the synthesis of a new thermo-responsive hydrogel material was reported in 
this thesis. This new material was able to absorb an aqueous solution and to control its 
diffusion varying the temperature. In fact above the lower critical solution temperature 
(LCST) the polyNIPAM brushes collapsed isolating the hydrogel layer from the 
environment. In addition during the synthesis of the hydrogel the bottom polyNIPAM 
layer, grafted directly onto the silicon oxide surface acted as a barrier thus ensuring the 
formation of the second block only from the ATRP active chain polyNIPAM chain ends.  
This material may be useful in many application area, such as surface-confined molecular 
delivery, tissue engineering and diagnostic and imaging platforms for biological and 
biomedical applications.[7] 
For example, in tissue engineering application this material can mimic the roles of 
extracellular matrixes regulating the function of cells and allowing the diffusion of 
nutrients, metabolites and growth factors in function of the temperature. Moreover, the 
hydrogel layer can bind, via adsorption, the surface of inorganic nanoparticles thus 
enhancing their unique electronic and optical properties.  
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8 Appendix 
 
Table A. 1: 1H-NMR peaks and the chamical structures of the ATRP initiator 3-(chlorodimethylsilyl) 
propyl 2-bromo-2-methylpropionate, dimethyl chlorosilane and allyl-2-bromo-2-methylpropionate.  
H-
NMR 
(in 
CDCl3) 
400MH
z 
Dimethyl chlorosilane Allyl-2-bromo-2-
methylpropionate 
3-(chlorodimethylsilyl) 
propyl 2-bromo-2-
methylpropionate 
 
a s, 6H, -Si(CH3)2 0.51 a s, 6H, BrC(CH3)2- 1.90 a s, 6H, -SiCl(CH3)2 0.44 
 
b t, H, -Si-H 4.88 b t, 2H, -CH2O- 4.70 b t, 2H, -SiCH2- 0.88 
 
   c 2H, CH2=C 5.30 c m, 2H, -CH2- 1.81 
 
 
 
 d H, C=CH-C- 5.85 d s, 6H, BrC(CH3)2- 1.94 
 
      e t, 2H, -CH2O- 4.17 
 
  
Figure A.1:1H-NMR spectra of the ATRP initiator 3-(chlorodimethylsilyl) propyl 2-bromo-2-
methylpropionate 
 Figure A.2: Psi and Delta obtained by ellipsometry analysis of the clean and surface-initiated ATRP 
silicon oxide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A.2: tapping mode AFM height images of multiblock samplesin air and in Milli-Q water below and above the polyNIPAM's LCST, as well as cross sections of 
scratches to measure the thicknesses. 
AFM 
Images Dry images 
Wet images at 
25°C Wet images  at 35°C Representative cross-section 
Single  
polyNIPAM 
block 
   
 
Double 
block 
   
 
Triple 
block 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
Table A.3: topography images by tapping mode AFM of multiblock samples in air and in Milli-Q water below and above the polyNIPAM's LCST, as well as cross 
sections of scratches to measure the thicknesses. 
AFM 
Images Dry images 
Wet images at 
25°C Wet images  at 35°C Representative cross-section 
Single 
polyNIPAM 
block 
 
  
 
Double 
block 
 
 
 
 
Triple 
block 
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